The Development of a High Power, Broadly Tunable 3 µm Fibre Laser for the Measurement of Optical Fibre Loss by Crawford, Stephanie
Copyright and use of this thesis
This thesis must be used in accordance with the 
provisions of the Copyright Act 1968.
Reproduction of material protected by copyright 
may be an infringement of copyright and 
copyright owners may be entitled to take 
legal action against persons who infringe their 
copyright.
Section 51 (2) of the Copyright Act permits 
an authorized officer of a university library or 
archives to provide a copy (by communication 
or otherwise) of an unpublished thesis kept in 
the library or archives, to a person who satisfies 
the authorized officer that he or she requires 
the reproduction for the purposes of research 
or study. 
The Copyright Act grants the creator of a work 
a number of moral rights, specifically the right of 
attribution, the right against false attribution and 
the right of integrity. 
You may infringe the author’s moral rights if you:
-  fail to acknowledge the author of this thesis if 
you quote sections from the work 
- attribute this thesis to another author 
-  subject this thesis to derogatory treatment 
which may prejudice the author’s reputation
For further information contact the 
University’s Copyright Service.
sydney.edu.au/copyright
The Development of a High Power, Broadly
Tunable 3 µm Fibre Laser for the
Measurement of Optical Fibre Loss
A thesis submitted in fulfilment of the requirements for the
degree of Master of Science
by
Stephanie Crawford
Centre for Ultrahigh-bandwidth Devices for Optical Systems (CUDOS)
School of Physics
Faculty of Science
University of Sydney
2015
i
Abstract
Mid-Infrared Photonics has attracted growing interest in recent years due to the presence of
many strong characteristic vibrational transitions that are highly resonant with the low-energy
photons of the mid-infrared. As such, a plethora of potential applications stand to benefit from
the availability of well-understood and robust sources within this wavelength region including
spectroscopy, medicine and defence. The region surrounding 3 µm, corresponding to the anti-
symmetric stretching vibration of O-H as well as a window of high atmospheric transparency,
is of particular interest. However, this spectral region is not yet accessible via readily available
devices. As such, the development of well understood, versatile, laser sources emitting at 3 µm
remains an area of great scientific interest.
In this work, a Ho3+, Pr3+ co-doped fluoride fibre laser is presented that produces an output
power of 7.2 W generated at a slope efficiency of 29 %. The excitation source was a power
scalable Yb3+-pumped 1.150 µm Raman fibre laser which emitted up to 50 W. The emission
linewidth of the system was <0.14 nm and the wavelength of the system was observed to tune
between 2.825 µm and 2.975 µm, overlapping with the O-H absorption region of many mid-
infrared transparent glasses. The system then finds use as a tool for the accurate measurement
of the background scattering loss and the degree of water incorporation in the rare earth doped
core of a range of commercially available double clad ZBLAN fibres. Furthermore, the spectral
location of the O-H absorption feature was observed to be dependent on glass composition,
shifting from 2.872 µm in undoped ZBLAN to 2.896 µm upon co-doping with Ho3+, Pr3+.
Additionally, the chalcogenide glass, As2S3, was observed to have an O-H peak location of
2.911 µm.
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Chapter 1
Introduction
The field of photonics, associated with the generation and manipulation of light, became a region
of tremendous scientific interest following the development of the laser in 1960 [1]. Follow-
ing successful demonstrations of the maser within the microwave region of the electromagnetic
spectrum, initial laser demonstrations were first confined to the optical region of the spectrum.
However, the field saw rapid expansion owing to the plethora of applications that stand to benefit
from the availability of near-monochromatic coherent sources. Currently, there exist numerous
and varied sources accessing many regions of the electromagnetic spectrum. Mid-infrared pho-
tonics (2-20 µm), in particular, is making exciting progress towards longer wavelengths where
there are regions where the atmosphere exhibits increased transparency and light-matter inter-
actions are significantly more intense [2]. The efficient generation of light at these wavelengths
is a technical challenge, however meeting this challenge will impact a variety of fields such as
medicine, spectroscopy and defence.
The existence of a strong water absorption peak at 3 µm [3], associated with the asymmet-
ric stretch of the O-H bond, makes the development of well understood sources at this wave-
length particularly interesting. O-H contamination within the glass lattice of widely used mid-
infrared transmitting fibres has been suggested to cause fibre degradation and elevated loss at
these wavelengths [4], as such, the ability to accurately probe the response of fundamental op-
tical components such as fibres remains vital for further progression of the field. Alternatively,
within medicine, the development of such sources allows for the realisation of pursuits such as
extremely precise fine tissue ablation with minimal carbonisation induced scarring [5, 6]. How-
ever, this spectral region is not yet accessible via readily available devices and the development
of well understood, versatile, laser sources at 3 µm remains an area of high scientific interest
[7, 8, 9].
Fibre lasers are compact yet powerful sources where the lasing cavity is a length of optical
fibre, often doped with lanthanide (or rare earth) ions to provide gain. Such sources allow access
to this region, while offering good beam quality coupled with a relatively compact, versatile and
robust cavity design. Power scaling in fibre lasers is also simplified due to the typically high sur-
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face area to volume ratios of the gain medium, enabling a relative ease of thermal management
comparative to bulk laser systems. Such systems are further suited to spectroscopic applications
as they exhibit broad gain spectrums, and thus wavelength tunability. This is due to variations in
the host glass structure throughout the fibre causing local electric field fluctuations which result
in inhomogeneous broadening of the emission spectrum of the rare-earth ion dopants.
Of the rare earth ions capable of 3 µm emission, the 4I11/2→ 4I13/2 transition of the erbium
(Er3+) ion has been the most heavily researched, offering an emission wavelength of 2.8 µm,
Er3+ based lasers have been shown to be capable of high powered (30.5 W) [10], highly efficient
[11], and broadly wavelength tunable [12] operation. However, the 5I6 → 5I7 transition of the
holmium (Ho3+) ion, though comparatively less developed, exhibits a longer emission wave-
length of 2.9 µm, which is highly resonant with the O-H stretching vibration. When pumped at
1.15 µm Ho3+ based systems also offer an increased efficiency limit, and a reduction in energy
transfer processes which can limit power scaling and laser performance. Owing to low commer-
cial demand for 1.15 µm sources, high powered pump systems arent readily available which has
hindered the power scaling of the Ho3+ system to date [13, 14, 15].
This thesis presents the development and characterisation of an alternative, power scalable
system based on a diode pumped ytterbium (Yb3+) fibre laser pumping a Raman fibre laser, to
achieve high powered emission at 1.15 µm. The system is then used to pump a wavelength
tunable Ho3+, Pr3+ co-doped ZBLAN fibre laser to achieve 7.2 W of output power with a 150
nm range of wavelength tunability. This represents the highest output power coupled with the
broadest wavelength tunability seen in a Ho3+ doped fluoride fibre laser to date. Furthermore,
the application of the laser in the preliminary investigation of the core loss within a range of
commercially available rare-earth doped mid-infrared transmitting fibres is presented. Evidence
of elevated fibre core loss due to O-H incorporation was observed, and a method for the calcu-
lation of the concentration of incorporated O-H within the fibre core is presented. Finally, the
fibre composition dependant wavelength shift of the observed O-H peak is investigated, where
the central wavelength of the absorption feature is seen to red-shift upon rare-earth dopant in-
corporation.
The thesis is structured as follows; an introduction to fibre laser operation, with emphasis
on high powered 3 µm class systems, is presented in Chapter 2 with a brief review of the field.
The development and characterisation of the Yb3+-Raman pump system and the high-powered
wavelength-tunable Ho3+ system are presented in Chapters 3 and 4, respectively, with associated
results. Chapter 5 details the investigation of wavelength dependant fibre core loss associated
with O-H incorporation, followed by a final discussion including future research directions and
conclusions is presented in Chapter 6. The work presented within this thesis has been published
in [16] and [17].
The current work represents a vital step in the progression of the field of mid-infrared pho-
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tonics, with the presented system representing the highest output power, coupled with the broad-
est tunability currently observed in a Ho3+ based fibre laser. Furthermore, the characterisation of
the O-H absorption peak represents the development of a greater understanding of the response
of fundamental optical components within the mid-infrared. This is an exciting step towards
the development of a mid-infrared system capable of sensing the many important vibrational
resonances or taking advantage of the prominent atmospheric transmission windows within this
region of the spectrum. Beyond this, one could envisage the development of devices capable
of covert communications, countermeasures against heat seeking missiles, on-chip hand held
diagnoses or the detection of dangerous or illicit substances [18, 19].
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Chapter 2
Background and Theory
The mid-infrared region of the electromagnetic spectrum, spanning 2-20 µm, is frequently re-
ferred to as the molecular fingerprint region owing to the numerous molecules which possess
strong characteristic vibrational transitions that are resonant with the low energy photons of this
region, Figure 2.1. Such responses are often orders of magnitude larger than seen in surrounding
spectral regions [2], making mid-infrared spectroscopy a powerful tool for probing the structure
and composition of matter. This allows for a direct way to identify, characterise and quantify the
molecular species in a given environment coupled with the non-invasive use of such a system for
the purposes of diagnostics within complex chemical and biological systems. As such, the de-
velopment of systems that are capable of probing this region effectively hold immense promise
for sensing and spectroscopy based applications. When considering the reduced losses due to
Rayleigh scattering within turbid substances immediate implications for the use of mid-infrared
photonics in the field of tomography and sensing become evident, as well as the use of such
sources for low propagation loss telecommunications.
Furthermore, mid-infrared photonics can be exploited for security, industry and atmospheric
sensing and monitoring owing to the existence of two prominent atmospheric transparency win-
dows, 3-5 µm and 8-13 µm, enabling remote sensing of dangerous or illicit substances with
sensitivities down to parts-per-billion levels [20]. The current work focusses on the develop-
ment of a laser source accessing the mid-infrared spectral region surrounding 3 µm. This region
is of particular interest due to the presence of a prominent water absorption feature, Figure 2.1,
associated with the asymmetric stretching vibration of the OH bond which absorbs at approx-
imately 2.9 µm [3]. This holds particular promise for high precision surgery with a minimal
amount of scarring, with numerous additional applications standing to benefit from the avail-
ability of an accurate, well understood tool for the sensing of water. Emphasis is placed upon
the advancement of mid-infrared photonics through the investigation of the effect of water incor-
poration on fundamental optics components. This work is undertaken with a view to progress the
development of the source into a valuable tool for fibre manufacturing, capable of performing
in-situ O-H sensing with fibre production.
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Figure 2.1: Mid-infrared absorption signatures of various molecules in gas phase, assuming pressure of 133 Pa,
temperature of 296.15 K and absorption length of 1 cm [20].
Though the exploitation of the mid-infrared spectral region (particularly surrounding 3 µm)
holds tremendous promise to wide-ranging and varied fields, the technical difficulty associated
with the inherent challenges of accessing this region has, thus far, limited the advancement
of mid-infrared photonics. A review of the theory underpinning mid-infrared laser physics is
presented within this chapter, with particular emphasis on the challenges associated with high
powered and wavelength tunable operation and reviewing current state of the art demonstrations.
2.1 Laser Systems
The laser, first demonstrated in 1960 [1], operates on the principle of stimulated emission of
radiation, whereby a photon of frequency ν can stimulate the de-excitation of an excited atomic
electron provided that the energy gap between the energy level occupied by the excited electron
(the ”upper lasing level”) and one of the lower energy levels (the ”lower lasing level”), is equal
to the energy of the initial photon, hν. The emitted photon is correlated in time and space to
the initial photon, and thus has frequency ν. In a laser, a gain medium is established whereby
there is a comparatively higher electron occupancy in the upper lasing level to the lower lasing
level, referred to as a ”population inversion”. This is achieved via imparting energy into the
system or ”pumping”. In a laser the gain medium is surrounded by two reflectors which form
a Fabry-Perot resonator, the ”lasing cavity”. Consequently, spontaneously emitted photons are
amplified via stimulated emission as they traverse the cavity. Once the steady state amplification
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(or ”gain”) within the cavity is equal to the loss within the system the laser is said to have reached
”threshold” and any additional amplification results in lasing emission, which is out coupled
through a partially transmitting reflector acting as a cavity wall. In this way, the emission,
ejected as laser output, possesses a high degree of spatial, spectral and temporal coherence.
Owing to the potential of such systems, laser physics has exploded to the vibrant and varied
field existing today.
Tremendous expansion has been observed within the infrared, in particular, where the initial
colour centre lasers, which required cryogenic cooling to operate, have now been taken to the
kilowatt level commercial systems available today. Within this region, significant scientific ef-
fort has been expended in the research and development of a diverse range of devices, quantum
cascade lasers (QCLs) for example (which currently underpin the field) offer broad tunability
and continuous-wave (CW) emission. However, these systems are currently limited to moder-
ate output power levels (∼1 W) due to the characteristically low wall plug efficiency of such
systems. As such, a large proportion of the injected power is converted to heat which must
be dissipated from the small (∼100 µm2) active region of the laser, this creates considerable
thermal management complications within power scaled systems. Solid-state sources such as
vibrational electronic (or vibronic) lasers are also able to access the mid-infrared region, with
Cr2+ or Fe3+ doped ZnSe systems, operating at ∼2-3 µm and 4-5 µm respectively, offering ul-
trabroadband tunability coupled with high powered CW emission. However, they are limited
by thermal lensing and multi-phonon quenching which becomes increasingly problematic at in-
creased power levels. Additional sources accessing the mid-infrared include optical parametric
oscillators, which exhibiting broad tunability from 3-19 µm but require increased complexity
associated with significant pump constraints.
One promising alternative for achieving high powered, broadly tunable mid-infrared emis-
sion are fibre lasers which offer numerous advantages over the aforementioned systems, in-
cluding superior beam quality and thermal management capabilities. In such systems the gain
medium is a length of optical fibre which is often doped with rare-earth ions from the lanthanide
series. These lasers offer a comparatively compact, robust and versatile cavity configuration
owing to the waveguide properties of the fibre, coupled with the ability of Fresnel reflections at
one or both fibre end facets to act as the cavity reflectors. In the simplest arrangement such a
laser can be formed by merely pumping a doped fibre. However, this is a high loss system and
results in emission from both ends of the fibre, more conventional systems often utilize at least
one high reflectance cavity wall, often with both the optical pump input and emitted radiation
output coupled through the same fibre end facet, Figure 2.2.
Broad tunability is seen in these systems owing to inhomogeneous broadening of the emis-
sion spectrum of the rare-earth dopant ions due to variations in the local environment and lattice
position of each incorporated dopant. Such systems offer particular advantages toward power
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Figure 2.2: Schematic diagram of conventional fibre laser design comprising optical pump (λP ), gain fibre and
lasing emission (λL). The Fresnel reflection and broadband reflector cavity walls are indicated. For
convenience a dichroic mirror (transparent at λP , highly reflective at λL) is included for out coupling of
laser emission.
scaling owing to the very large surface area to volume ratio of the gain medium, offering high
thermal management through convective dissipation of any heat generated within the active core.
Furthermore, due to the small area of the fibre end facet, such systems exhibit high optical
brightness within a small spot size. While fibre lasers offer a unique option within the plethora
of sources capable of mid-infrared emission, there remain numerous technical and scientific
challenges which must first be overcome.
Such lasers are optically pumped, meaning energy is imparted on the system from the ab-
sorption (by the active ion) of a photon of higher energy. Assuming the perfect conversion of
pump to laser photons the laser efficiency (or ratio of output power at the emission wavelength,
λE , to input power at pump wavelength, λP ) cannot be 100%. The maximum efficiency fun-
damentally achievable in such a system is referred to as the Stokes efficiency (µS), which is
determined from the ratio of energies between the two photons;
µS = hνE/hνP = λP /λE (2.1)
where the reduction of the efficiency associated with the difference in energy between the
two photons is defined as the quantum defect. This energy difference is instead emitted via mul-
tiphonon decays within the glass lattice, which results in heat generation and must be mitigated
in power scaled systems possessing a high quantum defect. As the bulk of the transitions capable
of laser oscillations within the mid-infrared are quite high lying (or exist between highly excited
states), typically pump wavelengths that are significantly shorter than the emission wavelength
are necessary. This means that quantum defects (and associated thermal management issues)
found within mid-infrared systems are characteristically much greater than within fibre lasers
accessing the near-infrared, which often utilize low-lying transitions possibly even terminating
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on the ground state.
In this work, perfect conversion of exactly one photon of pump wavelength to one photon of
emission wavelength is assumed, which remains valid for the purposes of this work. This does
not necessarily remain valid for all systems owing to energy transfer processes which take place
between neighbouring active ions, often in highly doped systems. For a more detailed analysis of
the processes which take place in such systems, one is required to model the system using a set
of coupled differential equations defining pump evolution along the fibre and population density
within each energy level, incorporating relevant loss and energy transfer processes. Detailed
analysis on this is not included in this work, but is available at [21].
2.2 High Powered Operation in the Mid- Infrared
Figure 2.3: Published output powers from demonstrations of infrared fibre lasers as a function of emitted wavelength,
adapted from reference [19].
While fibre lasers have been demonstrated to be capable of achieving high powered (100
kW [22]) and long wavelength emission (3.95 µm) independently, the union of the two has not
yet been demonstrated. Within the near-infrared, much commercial success has been reported,
with Er3+ based systems emitting at 1.5 µm currently forming the backbone of optical com-
munications, and commercial ytterbium (Yb3+) based systems achieving kilowatt level output
powers on demand at 1.1 µm [23]. However, the same degree of success has not been observed
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within the mid-infrared, with an exponential decrease in published output powers with wave-
length approaching the mid-infrared, Figure 2.3. This is associated with the increased quantum
defects characteristic of this region, coupled with numerous design challenges (both scientific
and technical) which must first be considered within the development of fibre lasers for use in
high-power mid-infrared emitting fibre lasers.
2.2.1 Fibre Geometry
One great challenge toward power scaling of such systems is the optimization of fibre design.
The fibre remains the most fundamental component of the laser, where the entirety of optical
conversion takes place. As such, the geometry of the fibre itself is instrumental in determining
many of the properties of the overall system including pump limitations, beam quality and the
thermal management capabilities of the system. While fibre geometry can be characterised by
a number of measures, it is most useful to refer to the numerical aperture (NA), the V-number,
and the Mode-Field-Diameter (MFD) supported within the fibre.
The NA characterises the angle of acceptance of a fibre, given by;
nsin(θmax) = NA = (n
2
clad − n2core)1/2 (2.2)
where n, nclad and ncore, denote the refractive indices of the surrounding medium, cladding
and core, respectively and θmax denotes the maximum angle of acceptance of the fibre.
From this quantity, it can be determined whether a waveguide or fibre, of radius r will act as
a single mode (SM) waveguide at a given wavelength λ, where only the fundamental transverse
mode will be able to propagate. This is characterized by the V-number;
V = 2piNA/λ (2.3)
with V-numbers below 1 indicating poor guidance at the given wavelength, while V-numbers
between 1 and 2.405 indicate SM operation. Furthermore, within multimode (MM) fibres (V
>2.405) geometric optics can be used as an approximation, whereas SM fibres must be analysed
using Maxwells equations (or the weakly guiding approximation for fibres of low NA.)
Finally, the V-number can then be used to approximate the MFD within a step index SM
fibre according to;
MFD = 2ω = 2a(0.65 + 1.619/v3/2 + 2.879/v5) (2.4)
where a is the area of the fibre end facet. The MFD denotes the diameter of the supported
transverse mode at the given wavelength within the fibre - for Gaussian beams this is equal to the
point at which the intensity has dropped to 1/e2 of the peak intensity. This must be taken into
particular consideration when pumping laser systems, as it becomes extremely important that
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the launch or coupling efficiency is as high as possible so as to minimize heating on the fibre
end facet. In order to achieve this, many of the above quantities must first be considered. In par-
ticular, when coupling from a free space (or fibre) source to a SM fibre, the spot size of the lens
(or coupling fibre) must be below the MFD of the fibre to ensure maximum coupling efficiency
as any loss due to MFD mismatch will result in heating of the fibre end facet. Furthermore, in
the case of free space coupling, the f-number (F/#) of the lens bears a specific relation to the
NA of the fibre to be launched into, given by;
F/# ≥ 1/(2NA) (2.5)
which ensures that the incoming beam is within the acceptance angle of the fibre.
However, much of the limitations placed on pump systems were alleviated following the
development of cladding pumped systems in 1988 [24]. Cladding-pumped systems make use of
a double clad fibre (DCF), Figure 2.4a, where the high index SM active (rare-earth doped) core
is surrounded by a MM layer of moderate refractive index, acting as a waveguide for the pump
light, followed by a second low index cladding layer. The refractive index in step index DCFs
decreases radially outwards in steps, Figure 2.4b, promoting confinement of the laser emission
and pump light in the active and pump core, respectively, where the pump core often has a
significantly larger diameter. While, in many cases, these fibres allow the versatility to pump into
either the doped core or surrounding cladding (called core or cladding pumping, respectively),
the latter case offers particular advantages for power scaled operation. Cladding pumping allows
for distributive pumping along the fibre laser, thus reducing excited state absorption of pump
photons which lowers lasing efficiency. Furthermore, cladding pumping enables the use of lower
beam quality pump sources, such as commercially available broad area diodes. Such diodes offer
the elevated pump powers required for high powered operation which characteristically suffer
from high angular dispersion, and thus do not offer the high optical brightness and low spot size
required for core pumping.
Additionally, the use of cladding pumping offers particular advantages when considering
the effect of fibre damage thresholds on the power scaling of such systems. At the fibre end
facet thermal damage plays an important limiting role in laser mechanics, where any heating
of the fibre can cause fibre failure, this is associated with light not effectively coupled to the
system. As the two main limiting factors on high powered operation of fibre lasers are the fibre
damage threshold and the threshold for non-linear optical conversions, which both hold strong
dependence on optical intensity, significant advantages can be seen for power scaling of such
systems.
However, owing to the large pump core diameter of DCFs pump light is guided multimode,
consequently there exists pump ray trajectories which propagate helically throughout the fibre
and never pass through the active core, Figure 2.5a. These cause a reduction in pump light ab-
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Figure 2.4: Double clad step index fibre geometry, a) cross sectional view and b) relative refractive index of each
fibre section, shown in arbitrary units.
sorption and thus, lasing efficiency. Either an offset in the active core location or non-circularly
symmetric pump core geometries can be utilized to promote chaotic pump ray trajectories and
overcome this issue, Figure 2.5b. Typical geometries include D-shaped, octagonal or hexagonal
pump cores with a central active core as the addition of one truncation in the cladding layer
is not a significant manufacturing challenge. Additionally, this maintains approximate circular
symmetry which simplifies fibre cleaving and splicing.
Figure 2.5: Pump ray trajectories (red) for a cladding pumped, step index DCF using a) circular pump core geometry
and b) D-clad pump core geometry (1 truncation).
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2.2.2 Host Glass
Characteristically, power scaled fibre laser systems utilize low dopant concentrations coupled
with a large pump to active core diameter ratio in order to assist in distributive pumping and
thus, minimise the thermal load per unit length of the fibre. Long fibre lengths are typical of
high powered devices, making loss minimisation at both the pump and emission wavelength
crucial. Loss due to Rayleigh scattering, associated with the scattering of photons by particles
within the glass medium itself, scales inversely with wavelength and sets the fundamental lower
limit of achievable loss in an optical fibre. Beyond this, one must consider glass purity and
alternative loss sources as well as factors such as glass damage threshold and melting point.
Silica based fibres underpin the fibre laser field, which can be fabricated to extremely high
purity and offer a high damage threshold (approx. 500 MW cm−2 [25]) coupled with a high
melting point. Furthermore, these fibres exhibit low nonlinearities, thus reducing loss due to
processes such as Raman scattering which scale with fibre length. To date, silica based glasses
have been shown to be capable of high powered emission (100 kW [22]) in the near-infrared
owing to the extremely low losses observed in the 1-2 µm region. Approaching the mid-infrared,
silica performance is limited by the onset of the multiphonon edge, Figure 2.6.
Figure 2.6: Loss profiles of commercially available mid-infrared transmitting optical fibres showing silica (blue) and
ZBLAN (green), adapted from [26].
This feature is due to the absorption of a photon by the glass lattice in interactions involv-
ing two or more phonons - vibrational energy carriers associated with lattice oscillations. Fur-
thermore, as long wavelength emission results from lower energy transitions, in mediums of
sufficiently high phonon energy, de-excitation of the upper energy level predominantly occurs
non-radiatively via the emission of one or more phonons. These oscillations in the surround-
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ing lattice promote a fluctuating dipole field surrounding the rare-earth ion dopant prompting
in a fluctuating stark field to produce the decay. Qualitatively, this scales with the energy of
the strongest vibrational mode supported in the glass lattice, or maximum phonon energy (1100
cm-1 in the case of silica [27]). This sets a long-wavelength limit on laser operation for a given
host glass, seen to be approximately 2.2 µm in silica based glass, with the longest wavelength
published in a silica based fibre laser to date being 2.188 µm [28].
Fluoride based glasses represent an alternative [29], with ZBLAN (53 mol% ZrF4, 20 mol%
BaF2, 4 mol% LaF3, 3 mol% AlF3, 20 mol% NaF) currently being the most successful com-
position. The ZBLAN lattice is comprised of heavier atoms, resulting in a comparatively lower
reduced mass, weaker bond strengths and consequently significantly reduced maximum energy
lattice vibration. This corresponds to a maximum phonon energy of 585 cm-1 [30] and infrared
cut-off wavelengths as long as 4 µm [27], Figure 2.5. Furthermore, the use of ZBLAN offers a
reduced Raman gain coefficient, a low refractive index (n = 1.49 [31]), low optical loss (0.65 dB
km−1 at 2.59 µm) and low optical dispersion. Additionally, variations in glass composition have
been shown to be useful for further tailoring the properties of the glass. For example, substitut-
ing ZrF4 for HfF4 or ThF4 increases glass stability, while the refractive index can be modified
through the addition of compounds such as PbF2 and ZnF2.
The necessary reduced lattice bond strength coupled with the singly charged fluoride ion
result in a greater chemical reactivity in ZBLAN. This elevated glass reactivity manifests as high
dopant solubility in ZBLAN glass, whereby high dopant concentrations of active ion cations
(which substitutes for La3+ in the crystal lattice) can be achieved. However, the reactivity of the
glass with the surrounding atmosphere has been suggested to result in O-H contamination at the
fibre end tip [4] which diffuses into the glass lattice to cause an increase in absorption at 2.9 µm
limiting laser efficiency at this wavelength.
In terms of high powered operation, ZBLAN glass is significantly less robust than silica
based glasses, exhibiting lower thermal conductivity (0.628 W/m/K relative to 1.38 W/m/K)
which is coupled with a significantly reduced optical damage threshold for long pulses of 25 MW
cm-2 [32]. As such, power scaling becomes a significant challenge beyond the long wavelength
cut off of silica based glasses, with the current maximum power achieved in a fluoride based
fibre laser being 30.5 W at 2.9 µm [10].
Though the longest wavelength demonstrated from a fibre laser thus far was within a ZBLAN
based laser (3.95 µm [33]) due to the onset of the multiphonon edge at 4.5 µm, alternative host
glasses must be considered for progression further into the mid-infrared. Host glasses based
off the germanate family have been considered as an alternative for long-wavelength fibre laser
emission, however it is believed that the infrared transparency in such glasses is strongly de-
pendant on the removal of O-H impurities, which remains a significant challenge. Alternatively,
chalcogenide glasses based on the chalcogen elements S, Se and Te exhibit low loss to wave-
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lengths as long as 12 µm [34, 35]. While successful fibre laser demonstrations have, thus far,
been limited to shorter wavelengths (such as the reported 1.08 µm fibre laser [36]) chalcogenide
based systems remain promising with the observation of fluorescence at wavelengths as long as
4.3 µm [37].
2.2.3 Rare Earth Ion Dopant
The greatest consideration within the development of fibre lasers accessing the mid-infrared
region of the spectrum is the active ion dopant as it is the fluorescence spectrum from the as-
sociated electronic transition within the ion that determines the lasing wavelength. Rare-earth
elements, from the lanthanide series of elements (along with scandium and yttrium) possess the
necessary low-energy transitions capable of mid-infrared fluorescence. Though transition metal
ions are also able to provide extended wavelength emission, such elements possess extremely
short energy level lifetimes and are able to exist in multiple oxidation states. This prompts un-
favourable, efficiency reducing, energy transfer processes such as reabsorption of lasing emis-
sion and excitation energy trapping; as such it is the rare-earth ions that underpin mid-infrared
fibre laser field. Within the near-infrared, for example, it is the 5F5/2 → 5F7/2 transition of
Yb3+ that has achieved the incredible output power levels that are now available commercially
within silica based fibre lasers. These systems have achieved such significant success owing to
the high availability of commercial pump sources delivering necessary output powers at 976 nm.
Furthermore, they utilize a transition terminating on the ground state of the Yb3+ ion, allowing
for an extremely low quantum defect which significantly increases lasing efficiency and reduces
thermal management complications.
Within the domain of ZBLAN fibre lasers, a significant reduction in published output power
is observed, particularly at 2.9 µm - the ”door” to the infrared and location of the significant
O-H asymmetric stretching absorption signature. This reduction results from the challenging
host glass properties coupled with a number of limitations associated with the rare-earth elec-
tronic transitions which are able to fluoresce in this region. Currently, there exist three primary
possibilities for emission; the 4I11/2→ 4I13/2 transition of Er3+, the 5I6→ 5I7 transition of Ho3+
and the 6H13/2→ 6H15/2 transition of dysprosium (Dy3+).
Er3+ Based Systems
Currently, the most widely researched transition in this region is the 4I11/2→ 4I13/2 transition of
Er3+, with an emission wavelength of 2.78 µm, Figure 2.7. Systems based off this transition have
the significant advantage of being able to be pumped directly into the upper lasing level using
readily available high powered 976 nm pump diodes. The utilization of such diodes coupled with
an effective liquid based cooling system has enabled the achievement of output powers as high as
24 W [38]. Furthermore, broad wavelength tunability across 2.71-2.88 µm has been observed in
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systems based upon this transition. The current maximum output power of an Er3+ based laser is
30.5 W, generated at a slope efficiency of 16 % within an all-fibre system [10]. Lasing oscillation
of systems utilizing this transition have been limited by the significantly longer lifetime of the
4I13/2 energy level comparative to the 4I11/2 level (10.2 ms and 7.8 ms, respectively [39]) which
promotes population bottlenecking and self-termination. This is associated with the significant
build-up of electronic population in the lower lasing level relative to the upper lasing level.
High dopant concentrations can be employed to circumvent this issue, whereby energy transfer
processes between neighbouring active cations can be utilised to depopulate the 4I13/2 energy
level via energy transfer up (ETU) conversion (4I13/2, 4I13/2)→ (4I9/2, 4I15/2). This prompts the
de-excitation of one electron to the ground state (without associated heating) and the excitation
of a second to the more energetic 4I9/2 which then returns to the upper lasing level. In this
way excitation populations can be recycled to achieve efficiency levels as high as 35.4 % [11],
surpassing the Stokes efficiency limit of the transition (35.1 %).
Figure 2.7: A simplified energy level diagram of the 4I11/2 → 4I13/2 transition of Er3+ showing lasing transition
(red), pump excited state absorption and energy transfer up conversion (blue). An emission spectrum is
included (dark blue), adapted from [19].
One alternative method of effectively de-populating the lower lasing level of the transition
utilizes cascade lasing of the lower energy transition (4I13/2 → 4I15/2 at 1.5 µm) which addi-
tionally mitigates the characteristic thermal management problems associated with high powered
systems. Pump excited state absorption (ESA) or the depopulation of an excited state through the
absorption of a pump photon presents a problem for the high-powered operation of Er3+ based
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lasers. At elevated power levels, such systems exhibit high rates of pump ESA from the 5I11/2
upper lasing level when pumped at 976 nm which results in a reduction of lasing efficiency. This
efficiency reduction at high power levels presents a significant challenge toward further power
scaling of Er3+ systems.
Ho3+ Based Systems
Alternatively, Ho3+ based systems offer lasing of the 5I6 → 5I7 transition, while systems based
off this transition are comparatively less developed they offer the slightly longer emission wave-
length of 2.86 µm, Figure 2.8, which is more highly resonant with the O-H absorption feature.
To date, Ho3+ based systems have been demonstrated to be capable of highly efficient [11] and
broadly wavelength tunable emission across 2.84 -2.97 µm [12].
Figure 2.8: Emission spectrum of the 5I6 → 5I7 transition of Ho3+ (brown), with a simplified energy level diagram
included showing mid-infrared lasing transitions (red) and near-infrared lasing transition (yellow). The
praseodymium (Pr3+) desensitization process is shown including resonant energy transfer (light blue)
and non-radiative emission (black). Adapted from [19].
Furthermore, lasing from this transition offers numerous advantages toward power scaling
over the more heavily researched Er3+ based systems. Ho3+ based systems offer a comparatively
larger Stokes efficiency limit (40.5 %) upon pumping at 1.15 µm, the absorption peak of 5I8 →
5I6 transition, Figure 2.9a [40]. Furthermore, pumping at this wavelength does not correspond
to any pump ESA transitions in the system. While the system also suffers from a longer 5I7
lifetime, comparative to the 5I6 level (13.4 ms and 3.2 ms, respectively [39]), the sensitizing ion
praseodymium (Pr3+) can be utilized to non-radiatively de-excite the lower lasing level to avoid
population bottlenecking within the system. This dramatically reduces the lower lasing level
lifetime via extremely fast energy transfer from the 5I7 energy level to the highly resonant 3F2
energy level of Pr3+, this process is called Forster energy transfer. Following this, the excitation
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then undergoes extremely fast non-radiative de-excitation to the ground state of the system via
multiphonon emission. The effects of various Ho3+ and Pr3+ dopant concentrations have been
studied in some detail [41].
Similarly to the Er3+ system, co-lasing of the 5I7 → 5I8 has also been investigated [8] to
reduce the population within the lower lasing level which remains advantageous to thermal
management upon power scaling of the system. However, due to the lack of demand for high
powered sources at the pump wavelength, 1.15 µm, beam combining techniques which conserve
brightness have not been investigated; strained InGaAs diodes emitting up to 4 W represent the
highest powered commercially available pump source. Prior to this work all attempts to power
scale the emission of Ho3+ fibre lasers have been pump limited [13, 14, 15].
Figure 2.9: a) Absorption cross section of the 5I8→ 5I6 transition of Ho3+ as a function of wavelength, adapted from
[40] and b) Emission spectrum of the 6I13/2 → 6I15/2 transition of dysprosium (green), with simplified
energy level diagram included as an inset with lasing transition (red), adapted from [19].
Attempts to circumvent this issue have included pumping off-resonance with the upper en-
ergy level at 1.1 µm using Yb3+ fibre lasers achieving up to 2.5 W of 2.9 µm output power,
representing the highest output power achieved from a Ho3+ fibre laser prior to this work [13].
However, it is suggested that pumping at these wavelengths may induce pump ESA on the 5I6→
5S2, 5F4 transitions. Direct pumping of the upper lasing level utilising a long wavelength Yb3+
at the optimum pump wavelength have also been suggested, though complexities associated with
amplified spontaneous emission at shorter wavelengths become a significant issue, limiting fur-
ther power scaling of the Yb3+ pump system. Photonic band gap fibres are able to combat this
issue through inducing elevated loss at shorter wavelengths - however such fibres are expensive
and add complexity to the system.
Within this work an alternative pump system is presented, utilizing a Yb3+ fibre laser (YFL)
emitting at 1.1 µm, which is coupled to a Raman fibre laser (RFL) in order to shift the output
wavelength to 1.15 µm for use as a SM pump source for power scaling of the Ho3+ transition.
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The developed system can be constructed from readily commercially available components and
is power scalable as the Yb3+ pump laser operates close to the peak of the emission spectra,
circumventing issues such as amplified ESA.
Dy3+ Based Systems
The final rare-earth transition capable of 2.9 µm emission is the 6H13/2 → 6H15/2 transition of
dysprosium (Dy3+), Figure 2.9b, which offers a slightly longer emission wavelength compara-
tive to lasers based off the Ho3+ transition and are thus, less resonant with the O-H absorption
feature. Furthermore, to date, there has been no significant research into the power scaling of
such systems with the current maximum output power demonstrated being 0.3 W [42]. The
most recent demonstration of a fibre laser system based upon this transition achieved a slope
efficiency of 23 % upon pumping using a Yb3+ fibre laser emitting at 1.1 µm [9]. Though much
work remains to be done to assess the viability of power scaling of fibre lasers based upon this
transition, the high stokes efficiency at this wavelength (37 %) coupled with the ready availabil-
ity of pump sources at this wavelength suggests that Dy3+ based fibre lasers offer a promising
candidate for high powered operation at 2.9 µm in the future.
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Chapter 3
Yb3+-Raman Pump System
The development of a power scalable, single-mode (SM) pump system with high powered 1150
nm emission for laser pumping of Ho3+ based systems is presented within this chapter. The
pump scheme is based upon a diode pumped Yb3+-Raman architecture, previously observed to
be capable of delivering significant output powers (110 W) at 1.15 µm for various applications
including pumping of the 5I7 → 5I8 transition of Ho3+ [43]. In this way the output of commer-
cially available high powered 976 nm pump diodes can be utilized to pump a Yb3+ fibre laser
(YFL) to significant power levels, in order to act as a pump laser for a Raman fibre laser (RFL)
emitting at 1150 nm. As the Raman gain coefficient of silica peaks at 13 THz, the theoretical
optimal YFL operating wavelength for 1150 nm RFL operation can be calculated to be 1096 nm.
The chapter discusses the realization, optimisation and characterization of such a system, where
the YFL and RFL are presented in sections 3.1 and 3.2, respectively. All lasers discussed utilize
the host glass silica as they emit in the near-infrared, all fibre cleaves were performed using a
VYTRAN LDC-400 cleaver and all splices were carried out using a Fitel S175 fusion splicer.
Elements of the optimisation of the pump laser system have been published in [16] and [17].
3.1 The Pump Diode
The pump laser for this system was a 300 W industrial diode laser system (Laserline) emitting
at approximately 976 nm.
The diode had a (quoted) spot size of 172×172 µm, and a (measured) NA of 0.23. The
emission wavelength of the diode was measured to shift to longer wavelengths with increased
cooling temperature, Figure 3.1. A broadening of the FWHM, or ”linewidth” of emission was
also observed, Figure 3.2 (inset). From Figure 3.1, it can be seen that a cooling temperature of
27 ◦C is optimal for emission at 976 nm, the absorption peak of Yb3+, at this temperature the
linewidth of emission was found to be 10 nm, the diode was operated at this temperature for the
remainder of this work.
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Figure 3.1: Diode emission wavelength and linewidth (inset) as a function of cooling temperature.
3.2 The YFL
Ytterbium doped silica fibre lasers, emitting at 1.05-1.1µm, have achieved the highest output
powers demonstrated from fibre based systems to date (100 kW [22]) with commercial systems
offering multiple kilowatt power levels [23]. The Yb3+ ion offers a simplified electronic level
structure, comparative to Ho3+ and Er3+ whereby only the first excited state (2F5/2) can be ac-
cessed from the ground state (2F7/2) via infrared photons. This excludes many issues associated
with numerous detrimental energy transfer processes such as pump and laser photon excited
state absorption.
However, owing to the close lying pump and emission wavelengths (approximately 976 nm
and 1050 nm, respectively) cavity design is a significant issue within Yb3+ fibre lasers. This
necessitates an out coupler with high reflection at the emission wavelength whilst simultane-
ously allowing high transmission at the (often only slightly shorter) pump wavelength which is
a significant material constraint. Furthermore, as the 2F5/2→ 2F7/2 lasing transition terminates
on the ground state, complications arise relating to three-level laser behaviour observed in these
systems.
3.2.1 Quazi-Three Level Laser Behaviour and Fibre Length
Within YFL systems, pumping and lasing transitions operate within the sublevels of the ground
and first excited state manifolds, Figure 3.2a. While this offers a very small quantum defect,
issues associated the quazi-three level lasing behaviour of the system arise at short wavelengths
(<1.05 µm) associated with reabsorption of emitted photons. This is due to the significant elec-
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tronic population density that exists in the lower lasing level of the transition at room temperate.
Optical transparency is only induced at sufficiently high pump intensities while reabsorption at
the lasing wavelength becomes significant within weakly pumped regions. As such, reduced
optical fibre lengths which are not sufficient for complete pump absorption are often utilized to
ensure more uniform pumping across the fibre at great enough intensity to induce transparency
and minimise re-absorption at the lasing wavelength.
Re-absorption is also reduced at longer wavelengths as a significant decreasae in the ratio of
absorption to emission cross section with wavelength can be observed, Figure 3.2b. In weakly
pumped regions of the optical fibre this results in a red shift of the emission wavelength, con-
sequently the emission wavelength of a free running Yb3+ fibre laser scales with optical fibre
length.
Figure 3.2: a) simplified energy level diagram of the Yb3+ ion, with typical pump and emission transitions indicated
b) absorption and emission cross sections of Yb3+ doped optical fibres.
In long wavelength systems, increased fibre lengths are utilized to allow for more complete
pump-light absorption while favouring longer emission wavelengths. The optical fibre length,
Lopt, can be estimated as the point at which the pump power transmitted through the fibre, Pout,
has reduced by a factor of e2 from the launched pump power, Pin;
Pout = Pin/e
2 (3.1)
This length can be determined from the effective absorption coefficient of the entire fibre at
the pump wavelength, α, given by;
Pout/Pin = e
−αL (3.2)
where L is the fibre length. Using this relation, the absorption coefficient of a given fibre
can be probed through performing a ”cut back measurement” where a constant launched pump
power is maintained and the transmitted power is measured for a variety of fibre lengths. An
estimate for Lopt can then be obtained using;
Lopt = 2/α (3.3)
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3.2.2 The Yb3+ doped fibre
Within the current work, a power-scalable 1.15 µm fibre laser system was developed as a pump
system for Ho3+ based fibre lasers. The first component of this system was a Yb3+ fibre laser
which was optimised for emission near 1096 nm. In the work detailed within this chapter, the
fibre gain medium was an in-house developed Yb3+ doped, double clad silica based fibre. In
order to determine the optimal fibre length, the optical transmission of the fibre at 976 nm was
measured for three different fibre lengths; 2.04 m, 4.00 m and 6.05 m, Figure 3.3.
Figure 3.3: Fibre transmission at 976 nm as a function of length, with exponential fit included (red).
An exponential fit was applied to the data, and from this the effective absorption coefficient
of the fibre was able to be calculated to be 0.138 m−1, corresponding to an estimated optimal
fibre length of 14.5 m. Experimental optimisation of the optical fibre length was then carried out
to more accurately determine the fibre length requirement for a 1096 nm emission profile in a
free running system, L1096, which was found to be 24 m. A significant increase in optimal fibre
length was observed associated with the substantial red-shift from the central wavelength of the
Yb3+ ion emission spectrum.
From the experimentally optimised fibre length, Equation 3.3 was able to be adjusted for
emission at 1096 nm;
L1.096 = (2× (24/14.5))/α = 3.3/α (3.4)
The corresponding pump light absorption at this fibre length is 92%, Equation 3.2.
The NA of the core was experimentally determined to be 0.065, the core and cladding diame-
ter were measured to be 25 and 250 µm, respectively. At the emission wavelength the V-number
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of this fibre was approximately 4.65, which supported MM operation severely limiting coupling
capabilities into subsequent lasers within the system.
As such, in subsequent research a second, commercially obtained Yb3+ fibre (SMF-7/210,
Nufern) was used. This fibre had a core NA of 0.1, and a core and cladding diameter of 7 µm
and 210 µm, respectively. The corresponding V-number of this fibre was 2.01, which supported
SM operation across the emission range. This fibre had a quoted cladding absorption coefficient
of 0.20 m−1, which was experimentally confirmed at the pump wavelength of 976 nm. L1096,
was calculated and experimentally confirmed to be approximately 17 m.
3.2.3 The YFL Configuration
A schematic diagram of the optimised YFL configuration is presented within Figure 3.4 with
placement of the diffraction grating at the pumped end of the fibre. This particular architecture
was utilized in order to preserve beam quality of the output beam and avoid wavefront distortion
associated with reflection from the angularly offset dichroic mirror.
Figure 3.4: Simplified schematic diagram of the YFL including 976 nm pump (red) and 1.1 µm emission (orange).
Lens 1 was fused silica (plano-convex, F/# = 5), lens 2 was a silica asphere (NA = 0.15).
The 976 nm output of the pump diode (Laserline) was first passed through a dichroic mirror
which was experimentally determined to have 87 % transmission at 976 nm and 86 % reflection
at 1100 nm when placed at an angle of approximately 11◦ relative to the fibre axis. A substantial
decrease in transmission at the pump wavelength was observed with increasing angle, however
owing to the physical constraints of the system the dichroic mirror was unable to be implemented
with a smaller angular offset.
Following this, the pump light was coupled into the inner cladding of the Yb3+ doped DCF
fibre (parameters outlined in section 3.2.2), where a liquid-cooled fibre end mount was utilized
in order to aid in the dissipation of heat generated at the pumped end facet. The mount was
maintained at 16 ◦C and indium foil was incorporated around the fibre in order to promote
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heat transfer between the fibre end facet and the cooled mount. The distal fibre end facet was
perpendicularly cleaved in order to enable broadband feedback into the laser system from the 4
% (approximate) Fresnel reflection, which functioned as the low reflecting cavity out coupler.
At the pumped end of the cavity (subsequent to the reflection of the emitted light from the
dichroic mirror) a Littrow configuration was employed. This promoted wavelength tunable feed-
back at the emission wavelength from the first order diffraction peak of a plane ruled diffraction
grating (1200 grooves/mm, Richardson Gratings). Precise wavelength tunability was achieved
using a rotation stage upon which the grating was mounted. The intracavity lens (Newport) was
a plano-convex fused silica lens with diameter and focal length of 25.4 mm and 125 mm, respec-
tively, it was antireflection coated for 1064 nm. The in-cavity beam diameter was calculated to
be 25 mm. The output light was collimated using an aspheric silica lens (Thorlabs) which had
an NA of 0.15, diameter of 5.5 mm, focal length of 18.4 mm and was antireflection coated for
1050-1620 nm. The output beam diameter was calculated to be 3.68 mm.
3.2.4 The YFL Performance
The maximum output power of the system was 121.6 W, which was obtained for a launched
pump power value of 181 W and operated at an emission wavelength of 1097 nm.
The conversion efficiency of the system was obtained through determining the absorbed 976
nm power for a given diode output power. The absorbed power was obtained by correcting
the measured diode output power for transmission through the dichroic mirror (87 %), launch
into the pump core of the fibre (80.5 %) and fibre absorption (92 %). The optical conversion
efficiency was then calculated by measurement of the laser output power at 1097 nm with respect
to absorbed pump power over a range of pump power values, Figure 3.5. A linear fit was applied
to this;
Pout = 0.674× (Pabs − 0.837) (3.5)
where the gradient corresponds to the optical conversion efficiency of the system, i.e., 67.4 %.
Furthermore, this enabled the threshold pump power of the system to be calculated as 0.837 W.
In the current work, the distance between the intracavity lens and the diffraction grating
measured to be 0.5 m. For this system architecture, the emission profile of the system was
obtained for a range of emission wavelengths and absorbed pump power values, where linewidth
of emission (determined from the spectral width at the 3 dB point) remained at 0.1 nm across all
measurements. The lens to grating distance was then modified to 1 m, where a single reflection
from a broadband reflector was incorporated. At this architecture, the linewidth of emission was
determined to be 0.06 nm, however this configuration was found to correspond to a reduction in
efficiency to 63 %. The emission spectrum of the laser at an emission wavelength of 1097 nm,
a lens to grating distance of 0.5 m, and absorbed pump power value of 19.8 W is displayed in
Figure 3.5 (inset).
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Figure 3.5: Laser output power at 1097 nm with respect to absorbed 976 nm pump power, with linear fit included
and (inset) emission spectrum of the laser for λ = 1097 nm at an absorbed pump power of 19.8 W.
Finally, the wavelength tunability of the system was investigated for a lens to grating distance
of 0.5 m, where the total tuning range was found to be 100 nm (1036-1136 nm). The output
power was observed to exhibit strong dependence on emission wavelength, Figure 3.6, where a
significant increase in output power was observed within the 1070-1110 nm wavelength range.
3.3 The RFL
A Raman Fibre Laser (RFL) is a light source where amplification is provided by stimulated
Raman scattering - associated with the inelastic scattering of photons. Within such scattering
processes a photon of the pump energy is converted into a lower energy signal photon with the
difference in energy dissipated by a phonon, or lattice vibration. This is referred to as a Stokes
shift where the phonon energy is characteristic of the medium. The opposite process, anti-Stokes
emission, can also occur whereby a phonon that is already present within the lattice is absorbed
by a propagating photon, resulting in a scattered photon of higher energy, though the probability
of this process is significantly reduced. The rate at which such processes occur is governed by
the nonlinearity of a medium, which characterises the response of a medium to high intensity
light.
Stimulated Raman scattering or Raman amplification can occur when a signal at the Stokes
shifted wavelength is already present within the medium, either generated through previous
spontaneous Raman scattering which is guided within the medium, or via the injection of a signal
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Figure 3.6: Output power as a function of emission wavelength for an absorbed pump power of 19.8 W.
at the Stokes shifted wavelength. In this case, the Raman scattering rate is greatly increased and
amplification of the Stokes shifted wavelength occurs - this is the mechanism by which gain is
achieved within Raman lasers.
Raman lasers offer a particular advantage over rare-earth doped systems, in that any emission
wavelength can be achieved through suitable choice of pump wavelength and gain medium.
Such systems essentially require significant optical intensity and nonlinearity (which governs
the Raman response of a particular medium) for Raman gain, and both the pump and signal
wavelength to be within the transparency region of the fibre material.
Within the current work, the RFL was adapted from a system discussed in [44]. A schematic
diagram of the optimised RFL configuration is presented in Figure 3.7.
3.3.1 Achieving Efficient Coupling to the RFL
Raman amplification is a nonlinear optical process, exhibiting strong dependence on optical
intensity within the gain medium. Consequently, RFL systems are typically comprised of small
diameter SM optical fibres promoting high optical intensities within the core of the gain fibre.
Owing to the difficulty of achieving stable, robust and efficient coupling from free-space optics
into small MFD fibres, all fibre systems (comprised of fiberized cavity components which are
spliced together) offer significant advantages. In such systems, the loss through each splice
significantly increases with MFD mismatch between the two fibres, which necessitates a small
MFD to be maintained throughout the entire RFL system. Consequently, the launch of free-
space light into such system can become a significant issue, particularly within high powered
operation where loss during launch can result in considerable heat generation and damage to the
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fibre.
Coupling Lens Optimisation
In the current work, the launch arrangement into the system was further simplified through
placement of the Littrow configuration within the YFL cavity on the pumped end of the fibre
enabling a two-lens direct coupling architecture to be utilized at the YFL output. An aspheric
lens (Thorlabs) with a quoted focal length and diameter of 15.29 mm and 5 mm, respectively,
was calculated to be optimal for coupling into the RFL launch fibre (with MFD and NA of 6.6
µm and 0.14, respectively). Using the beam diameter at the free-space output of the YFL (3.68
mm, see section 3.2.3) the calculated spot size was 5.8 µm and the effective NA was 0.12. The
launch efficiency was then experimentally determined to be 58 %. It is believed that the reduced
launch efficiency may be due to expansion of the focal spot size associated with the beam quality
of the YFL source coupled with aberrations on either of the two CaF2 lenses.
A second aspheric lens (Thorlabs) with a quoted focal length and diameter of 13.8 mm and
5.1 mm, respectively, and calculated spot size and effective NA of 5.3 µm and 0.13, respectively,
was also tested. The launch efficiency of the arrangement using this lens was measured to be 72
%. This lens was used for the remainder of this research.
Figure 3.7: Simplified schematic diagram of the RFL including 1.1 µm pump (orange) from YFL system, fibre
components (green) and 1.15 µm free space output (blue). Splice points are indicated. Lens 1 was a
silica asphere (NA = 0.16) while lens 2 was CaF2 (plano-convex, F/# = 3).
Mode Field Diameter and Splice Loss
Additionally, a step down method was employed whereby the MFD of the launch fibre was
slightly larger than within the Raman gain fibre medium in order to reduce the launch require-
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ments on the system. The MFD was then decreased in each fibre splice prior to Fibre Bragg
Grating 1 (FBG1), while still maintaining a high theoretical splice transmission at each point.
The RFL launch fibre was a SM silica fibre (1060, Nufern), with a core and cladding diam-
eter of 5.8 µm and 125 µm, respectively, the NA of the fibre was 0.14. The MFD of the fibre
was calculated to be approximately 6.5 µm at the YFL emission wavelength range. This was
spliced to the Wavelength Division Multiplexor (WDM) lead fibre, with a core diameter and NA
of 4.4 µm and 0.16, respectively. The MFD of this fibre was calculated to be 5.6 µm, which
corresponded to a theoretical splice transmission of 97.8 % at this point. The FBG and gain
fibres had a core diameter and NA of 5.3 µm and 0.14, respectively, which corresponded to a
MFD of 6.4 µm. This corresponded to a theoretical splice transmission of 98.2 % between the
WDM and FBG fibre, and 100 % for all remaining splices in the system.
3.3.2 The RFL Configuration
The schematic diagram of the optimised RFL system is presented in Figure 3.7. The gain cavity
was formed between the FBGs (TeraXion). FBG1 was a high reflector with reflectivity of 99.8%
at the emission wavelength, 1.15 µm, the reflectivity bandwidth was 1 nm. FBG2, the partially
reflecting output coupler, had 10% reflectivity at 1.15 µm and a reflectivity bandwidth of 0.5
nm. The Raman gain fibre was a 78 m length of SM silica fibre (HI1060, Thorlabs). Following
the RFL cavity, a WDM (Gooch Housego) was used in order to separate out unabsorbed 1.1 µm
pump light from the 1.15 µm RFL emission. An uncoated CaF2 singlet lens with a diameter and
focal length of 1 inch and 75 mm, respectively, was used to collimate the 1.15 µm emission, it
had a measured transmission of 94 % at the emission wavelength.
At the pumped end of the cavity a second WDM was incorporated in order to protect the
YFL from any backward propagating signal light. The transmission across the launch fibre,
WDM1 and FBG1 was measured to be 91 % at the pump wavelength. Both WDM1 and WDM2
were also placed on cooled mounts and maintained at 16 ◦C. In order to mitigate the significant
heat generated at the pumped fibre end facet, the fibre was also placed on a liquid cooled mount
and maintained at 16 ◦C, a thermally conductive paste was applied to maintain an adequate heat
sink at this location. Furthermore, the applied material was found to exhibit dual functionality
as an index matching compound which effectively stripped any pump light from the cladding of
the fibre.
3.3.3 The RFL Efficiency
In order to determine the optimal YFL pump parameters for the high powered operation 1150
nm operation, the RFL performance was investigated for a range of YFL pump parameters,
Figure 3.8. The RFL efficiency as a function of YFL pump wavelength was calculated for
YFL emission bandwidth values of 0.06 nm and 0.1 nm, which were modified by adjusting the
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Figure 3.8: RFL slope efficiency as a function of YFL pump wavelength for YFL pump linewidth values of 0.06 nm
(blue circles) and 0.1 nm (red diamonds).
lens-grating distance as outlined in section 3.2.2. In both bandwidth cases the maximum RFL
efficiency occurred for a pump wavelength value of 1097 nm (76.2 % and 75.6 %, respectively),
which was in agreement with the frequency shift of the peak gain coefficient in the spontaneous
Raman scattering of silica fibre (440 cm−1 [45]). A YFL pump wavelength of 1097 nm was
used for the remainder of this work.
Furthermore, it was observed that there existed a range of pump wavelengths (1095-1099
nm) for which the efficiency of the RFL was measured to be greater than 70 %. Additionally,
a slight increase in efficiency was observed for the 0.06 nm YFL pump system (0.6 % at 1097
nm). However, the 0.1 nm YFL system was used for the remainder of this work owing to the 4%
increase in efficiency of the pump YFL laser in this architecture.
Measured 1097 nm pump power values were corrected for launch efficiency into the system,
including transmission through WDM1, FBG1 and associated splices. Corrections to 1150 nm
RFL output power were applied for the transmission through the CaF2 collimating lens, the
splice loss prior to WDM2, and the efficiency of WDM2. The maximum (corrected) output
power obtained from the RFL system was 49.4 W, which was obtained for a launched pump
power value of 68.9 W, Figure 3.9.
The emission wavelength of the system was measured to be 1150 nm, where the linewidth of
emission was observed to increase with output power of the system, Figure 3.10a. The maximum
observed value was 0.9 nm for an absorbed pump power of 66.7 W. The emission spectrum of
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Figure 3.9: RFL output power at 1.15 µm nm with respect to absorbed 1097 nm pump power, with linear fit included.
the laser at an absorbed pump power of 30.1 W is displayed in Figure 3.10b.
Figure 3.10: a) Linewidth of RFL emission at 1.15 µm with respect to absorbed 1097 nm pump power and b)
emission spectrum of the laser at an absorbed pump power of 30.1 W.
The corrected output power with respect to pump power for YFL pumping at 1097 nm, with
0.2 nm bandwidth is displayed in Figure 3.9. A linear fit was applied to the data;
Pout = 0.756× (Pabs − 5.40) (3.6)
from which the conversion efficiency and laser threshold were determined to be 75.6 % and 5.4
W respectively. From this, the overall 976 nm to 1150 nm conversion efficiency of the system
was calculated to be 20.3 %.
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Chapter 4
The Holmium System
Within the following chapter, the power scalable 1150 nm RFL-YFL system is utilized in the
development and optimization of a high powered 2.9 µm holmium fibre laser. This work com-
prised the development, optimisation, characterisation and utilization of the system. Through-
out the duration of this research the system was investigated in a number of different architec-
tures. Preliminary development and optimisation was carried out with the system incorporating
a broadband reflector, which is discussed in sections 4.1 and 4.2. Following this, a Littrow con-
figuration was incorporated to allow wavelength tunability within the system for the remainder
of the research, the characterisation of this system is presented within section 4.3. Except where
otherwise specified, all fibre cleaves discussed within this chapter were performed using a York
model FK12 angled fibre cleaver (Newport.)
The work presented within this chapter has been published in [16] and [17].
Figure 4.1: Simplified schematic diagram of the Ho3+ Pr3+ fibre laser, including 1.15 µm pump (red) and 2.9 µm
output (blue), dichroic mirror (HT at 1.15 µm, HR at 2.9 µm), lens 1 (plano-convex, CaF2, F/# = 3),
lens 2 (plano-convex, CaF2, F/# = 0.8) and broadband reflector. For clarity, the 4 % reflected 1.15 µm
beam used as a reference beam within pump power measurement is included.
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4.1 Initial Architecture
The initial Ho3+ fibre laser system developed within this work incorporated reflection from a
broadband reflector at the distal fibre end facet, which did not enable any wavelength tunability.
However, owing to the comparative simplicity of this arrangement, significant development of
the system was carried out with this architecture, particularly the optimisation of pump launch
scheme and optical fibre component. A simplified schematic diagram of the initial system is
presented in Figure 4.1.
4.1.1 Pump System Alignment and Thermal Management
Within this work, particular emphasis was placed on achieving stable, robust coupling into the
Ho3+ fibre, and reducing the optical intensity incident upon the pumped fibre end facet. This
was necessitated by the comparatively low optical damage threshold of ZBLAN glass combined
with the small stokes efficiency limit of Ho3+ based systems. The 1.15 µm pump beam diameter
following the collimating lens (focal length and diameter of 75 mm and 1 inch, respectively)
was 24 mm. This passed through an identical coupling lens (plano-convex, CaF2 focal length
and diameter of 75 mm and 1 inch, respectively), prior to placement of a dichroic mirror for
outcoupling of 3 µm emission. This architecture was utilised in order to enable independent
control of both the pump launch arrangement and output beam quality of the system.
The dichroic mirror (fabricated by Rocky Mountain Instrument Co., Colorado) was placed
within the beam path at 45◦ relative to the pump axis and was experimentally determined to
have 95.8 % transmission at 1.15 µm when placed at 45◦. In order to circumvent the often
necessary inclusion of a pump power measurement location within the beam path, a calibration
was obtained to relate the reflected 1.15 µm power (approximately 4.2 %) to the launched pump
power for a variety of pump power values. This enabled the optical path length of the free
space pump beam to be reduced, minimising pump launch instabilities associated with pointing
instability at the YFL output fibre and thermally induced focal shift of the collimating lens.
Additionally, the single transverse mode operation of the pump system enabled significant
versatility and control of the pump launch scheme. Following initial alignment of the launch
arrangement at low pump power to achieve maximum coupling into the fibre, placement of
the fibre end facet at the high intensity focal point of the lens was avoided as much as possible.
Instead, a relation was obtained between lens to fibre end facet distance and 2.9 µm output power
of the fibre in order to experimentally determine the point at which the diverging pump light was
completely filling the hexagonal inner cladding layer (or pump core) of the fibre, Figure 4.2a.
As such, maximum launch efficiency could still be maintained, with the minimum obtainable
optical intensity at the fibre end facet. Experimentally, this corresponded to the largest lens to
end facet distance that still produced the maximum launch efficiency into the pump core. This
process was an essential component of pump system and/or fibre end facet alignment for all
32
Ho3+ systems discussed within this work.
Figure 4.2: a) Pump light launch set up with the double clad ZBLAN fibre is placed beyond the focal point of the
lens, whilst maintaining maximum coupling. The pump beam path is indicated in red. For simplicity,
circular fibre geometry is depicted b) End on view of near perpendicularly cleaved octagonally clad
Ho3+Pr3+ ZBLAN fibre.
4.1.2 Resonator Design
The lasing cavity consisted of a 9 m length of double clad Ho3+ Pr3+ co-doped optical fibre
(FiberLabs, Japan) that had an octagonal-shaped pump core with a diameter of 125 ± 3 µm
across the flats and a NA of 0.5 ± 0.02, Figure 4.2b. The core of the fibre had a diameter of 10
± 1 µm, a NA of 0.2 ± 0.02 and a Ho3+ and Pr3+ dopant concentration of 30,000 ppm molar
and 2,500 ppm molar, respectively. The background loss of the fibre between 1 and 2 µm was
0.1 dB m-1. The absorption of the fibre had been previously determined to be 1.97 dB/m, which
corresponded to 98 % pump light absorption at 1150 nm. The fibre was cladding pumped from
one end only. The launch efficiency into the pump core of the ZBLAN fibre was determined to
be 64 %, using a short length of undoped ZBLAN fibre of the same geometry as the active fibre.
Both the pumped and distal fibre end facets were near perpendicularly cleaved, relative to
the fibre axis. A broadband high reflector (uncoated gold, Thorlabs) was butt-coupled to the
distal fibre end facet which, along with the 4 % Fresnel reflection at the pumped fibre end facet,
formed the lasing cavity. At the pumped end of the fibre an uncoated plano-convex CaF2 lens
(Thorlabs) with a focal length and diameter of 50 mm and 25.4 mm, respectively, functioned as
the collimating lens for the 2.9 µm output of the system.
The reflectivity of the dichroic mirror at 2.9 µm was then experimentally determined to be
95 % when placed at 45◦ relative to the beam axis. This was measured using the raw output at
the distal fibre end facet of the laser following the removal of unabsorbed pump light using a ger-
manium filter. Similarly, the uncoated CaF2 collimation lens was found to have a transmission
of 94 % at this wavelength.
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Figure 4.3: Ho3+ Pr3+ fibre laser output power at 2.9 µm with respect to absorbed 1.15 µm pump power, with linear
fit included.
4.1.3 Performance
The measured output power of the system was corrected for the transmission of the collimating
lens and the reflection of the dichroic mirror at the emission wavelength in order to determine
the emitted 2.9 µm power for each absorbed 1.15 µm power value. The maximum (corrected)
output power of the system was 3.8 W, generated for an absorbed pump power of 16.8 W, Figure
4.3. The slope efficiency was determined to be 23.4 % with respect to absorbed pump power
and the threshold power was calculated to be 0.10 W. Further power scaling of the system was
not possible owing to damage on the pumped fibre end facet.
Figure 4.4: Emission spectrum of the Ho3+ Pr3+ fibre laser at 0.4 W output power displayed on a linear scale obtained
via monochromator (0.1 nm resolution).
The emission spectrum of the laser output was measured through performing a full monochro-
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mator scan (0.1 nm resolution) with the output power as a function of wavelength measured using
a power meter, Figure 4.4. The central wavelength of emission of the system was observed to be
2868 nm, with an emission FWHM of 8 nm.
4.2 Optimisation
Owing to the simplicity of the laser architecture incorporating a broadband reflector, a large
degree of experimental optimisation of the system occurred prior to the incorporation of wave-
length tunability. Emphasis was placed on enabling further power scaling of the system through
increasing the overall efficiency of the system and further reducing the optical intensity on the
pumped fibre end facet. Particular emphasis was placed on approaching the highly efficient (32
%) operation previously observed in such systems via analysis of the two fundamental compo-
nents of the set up; the optical fibre gain medium and the resonator arrangement. Additionally,
in order to further reduce the optical intensity on the fibre end facet optimisation of the pump
launch scheme also occurred.
4.2.1 The Optical Fibre
Three alternate Ho3+ Pr3+ doped fibres (here referred to as fibres A-C) were tested within the
same arrangement as indicated in Figure 4.1. Fibres A and B had identical geometry and com-
position to the initial fibre outlined in section 4.1.1, they differed only in length, being 3.5 m and
4.5 m, respectively. Fibre C was 1.5 m and possessed a D-clad pump core (125 µm diameter, 104
µm truncated diameter), but was otherwise identical. All fibres were obtained from FiberLabs,
Japan. The corrected output power as a function of absorbed pump power for the three fibres is
displayed in Figure 4.5.
No significant increase in efficiency with respect to absorbed pump power was measured for
any of the three fibre lasers, with the maximum observed efficiency being 25.2 % corresponding
to fibre C. Similarly, lasers incorporating fibres A and B corresponded to slope efficiencies of
22.9 % and 24.2 %, respectively. However, a decrease in slope efficiency was observed with
increased optical fibre length within the three constructed lasers which is indicative elevated
loss at the laser wavelength. The threshold pump power was measured to be 0.144 W, 0.151 W
and 0.200 W for lasers based off fibres A-C, respectively.
Furthermore, no significant increase in output power was observed prior to damage on the
fibre end facet with the maximum corrected output power (at 2.9 µm) for each laser being 3.03
W, 3.5 W and 2.07 W, respectively. The fibre damage occurred at an absorbed pump power
level of 13.6 W, 14.9 W and 8.5 W for fibres A-C, respectively. Significantly, these occurred for
launched pump power values of 16.3 W, 17.7 W and 14.9 W, which is consistent with significant
optical intensity in the pump core of the fibre end facet being the underlying limitation of further
power scaling of the system.
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Figure 4.5: Fibre laser output power at 2.9 µm with respect to absorbed 1.15 µm pump power for fibre A (blue
squares), fibre B (black circles) and fibre C (red diamonds) with linear fits included.
Though use of fibre C corresponded to a 1.6 % increase in slope efficiency comparative to
the initial 9 m length of octagonally clad Ho3+ Pr3+ ZBLAN fibre (Fibrelabs, Japan), the initial
9 m length was used as the gain medium for the remainder of this work. This was due to the
significant increase in pump light absorption enabled through using the longer length, 98%, as
opposed to the 1.5 m length of fibre, 49 %. As such, a significant reduction optical intensity on
the fibre end facet could be maintained for a given absorbed pump power value.
4.2.2 Pump Configuration
An alternative launch architecture was investigated which instead incorporated a single lens
functioning to couple pump light into the fibre pump core (NA = 0.5) and simultaneously col-
limate the 2.9 µm lasing emission from the active core (NA = 0.2). Though this arrangement
did not allow for independent alignment of the two beams, advantages associated with increased
pump launch efficiency and minimised associated heating of the fibre end facet were particularly
desirable for further power scaling.
The clear aperture of the dichroic mirror, perpendicular to the pump axis, was calculated
to be 17.8 mm, which was insufficient for the transmission of the pump beam. As such, a
plano-convex CaF2 lens with focal length and diameter of 40 mm and 0.5 inch, respectively,
was instead used to collimate the output of the pump system. The beam diameter at the pump
output was 12.7 mm, which was sufficient for transmission through the 45◦ dichroic mirror and
was experimentally confirmed to transmit the entirety of the pump beam without resulting in
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any clipping. In order to maintain stable and robust coupling into the ZBLAN fibre a calibration
between the 4.2 % reflected 1.15 µm beam and launched pump power was again obtained.
Beyond this point an uncoated plano-convex CaF2 lens which had a diameter and focal
length of 0.5 inch and 20 mm was chosen in order to remain within the acceptance angle of the
pump core while simultaneously capturing all emitted light. In order to avoid optical damage
on the fibre end facet, the pumped fibre was again aligned with the greatest lens to end facet
distance that still corresponded to the maximum launched pump light.
A significant increase in coupling efficiency into the pump core of the optical fibre was
observed with the launch efficiency measured to be 78 % using a short length of un-doped
optical fibre of the same geometry as the active fibre. This was a 14 % increase in launch
efficiency compared to the previous geometry (64 %). Similarly, an increase in output power
prior to fibre failure was observed with up to 4.3 W of 2.9 µm emission being generated at
a slope efficiency of 25.7 % with respect to absorbed pump power. Corrections were, again,
applied for transmission through the lens (94 %) and reflectivity of the dichroic mirror (95 %).
Within this configuration, the output power was limited instead by damage within the core at the
distal fibre end facet, Figure 4.6.
Figure 4.6: End on view of damaged octagonally clad Ho3+Pr3+ ZBLAN end facet fibre.
4.2.3 The Resonator Configuration
In order to attempt to increase the power handling capabilities of the distal fibre end facet and
further investigate the role of the high-reflectance resonator on the performance of the system
a range of configurations to provide broadband feedback were investigated. These included the
use of an alternate reflector and the utilization of a range of lenses to first collimate the output
of the distal fibre end facet prior to reflection from the broadband reflector.
In order to reduce the optical intensity on the distal fibre end facet the butt coupled uncoated
gold broadband reflector was replaced by a dichroic mirror (Rocky Mountains Instrument Co.)
to enable outcoupling of unabsorbed pump light. The dichroic mirror was experimentally deter-
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mined to have 69 % transmission at 1.15 µm and 74 % reflection at 2.9 µm when perpendicularly
placed. However, damage on of the fibre pump core was again observed and this corresponded to
no significant increase in output power (4.5 W) and a decrease in slope efficiency of the overall
system (25.1 % ).
In an effort to increase coupling stability and reduce the thermal load on the distal fibre end
facet the cavity was then expanded out to incorporate a CaF2 lens (diameter and focal length of
25.4 mm and 50 mm, respectively, Thorlabs) for collimation prior to reflection from the uncoated
gold broadband reflector. Furthermore, to assist in the mitigation of any heat generated at this
location as well as the pump launch location, both fibre ends were placed on liquid cooled,
secure end mounts and maintained at 16 ◦ C. Additionally, filtered air was gently streamed over
both end facets and (following thorough cleaning, cleaving and mounting of the fibre) both fibre
end facets were kept covered as much as possible throughout the lifetime of each cleave. In this
way fibre failure associated with the settlement of an atmospheric particulate on the fibre end
facet was greatly reduced at both locations.
This corresponded to an increase in both output power and slope efficiency, with up to 6.5
W of (corrected) 2.9 µm emission being generated at a slope efficiency of 28 % with respect to
absorbed pump power. Further power scaling was limited by damage on the pumped fibre end
facet.
4.2.4 Wavelength Instability
An optical spectrum analyser (OSA205, Thorlabs) was introduced to analyse the emission spec-
trum of the optimised system for a range of emission power values, however a significant re-
duction in linewidth was detected, Figure 4.7. Additionally, a large amount of instability in
the emission wavelength with time was observed. It is believed that the broad previous mea-
surement of the FWHM of the output spectrum was due the presence of significant wavelength
fluctuations over the timescale of the scan.
At an emission power of 1.67 W, the wavelength range of these fluctuations was 2.861-2.872
µm, however significant red shift and expansion of this range was observed with increased pump
power, up to a maximum measured value of 2.857-2.902 µm. There was no observed depen-
dence upon alignment of either the collimating CaF2 lens or broadband gold reflector. In order
to minimise the effect of chromatic aberration, an AR-coated germanium silicon achromatic
doublet lens (25.4 mm diameter and 75 mm focal length, Edmund Optics) was utilised within
the cavity, however no increase in wavelength stability was observed.
As such, the system was modified to utilize wavelength tunable feedback from a plane ruled
diffraction grating which promoted stability in the emission wavelength of the system. Addi-
tionally, this architecture offers particular advantages toward power scaling and sensing based
applications of the system including highly efficient operation (30 %), narrowband emission and
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Figure 4.7: Emission spectrum of the Ho3+ Pr3+ fibre laser at 0.4 W output power displayed on a linear scale, obtained
via OSA205, Thorlabs.
broad emission wavelength tunability (2.832-2.962 µm) [15].
4.3 Optimised Architecture
A schematic diagram of the optimised, wavelength tunable Ho3+ Pr3+ co-doped fibre laser is
presented within Figure 4.8. An uncoated plano-convex CaF2 lens (20 mm and 12.7 mm fo-
cal length and diameter, respectively, Thorlabs) was used to couple the single mode 1.15 µm
pump beam into the 9 m length of Ho3+ Pr3+ co-doped, octagonally clad ZBLAN fibre (Fiber-
labs, see section 4.1.1 for the complete fibre parameters). The launch efficiency into the fibre
was measured to be 78 %. On the distal end of the fibre a Littrow configuration was utilized
to provide wavelength tunable feedback of the first order diffracted emission peak. The output
of the fibre was collimated using an AR-coated 75 mm focal length germanium silicon doublet
lens (Edmund Optics) resulting in a measured beam diameter of 24 mm to enable high angu-
lar dispersion from the plane ruled gold coated diffraction grating (Richardson Gratings.) The
diffraction grating had 360 grooves per millimetre and was placed at a distance of 0.7 m from
the intracavity doublet lens.
Both fibre end facets were near-perpendicularly cleaved and the 4 % Fresnel reflection from
the pumped fibre end facet acted as a broadband reflector within the resonator. The output was
then collimated using the initial CaF2 coupling lens before being outcoupled from the system
using a dichroic mirror (95 % reflection at 2.9 µm and 96 % transmission at 1.15 µm, Rocky
Mountain Instrument Co.) placed 45◦ relative to the beam axis.
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Figure 4.8: Simplified schematic diagram of the optimised, wavelength tunable Ho3+ Pr3+ fibre laser, including 1.15
µm pump (red) and 2.9 µm output (blue), dichroic mirror (HT at 1.15 µm, HR at 2.9 µm), lens 1 (plano-
convex, CaF2, F/# = 1.6), lens 2 (Ge Si achromatic doublet, F/# = 3) and plane ruled, Au coated,
diffraction grating. For clarity, the 4 % reflected 1.15 µm beam used as a reference beam within pump
power measurement is included.
4.3.1 Performance
The maximum (corrected) output power of the system was 7.2 W corresponding to an absorbed
pump power of 25.6 W and emission wavelength of 2.882 µm.
Figure 4.9: Ho3+ Pr3+ fibre laser output power at 2.9 µm with respect to absorbed 1.15 µm pump power, with linear
fit included.
Further power scaling was limited by optical damage which occurred on the pumped fibre
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Figure 4.10: Corrected output power of the wavelength tunable Ho3+ Pr3+ fibre laser as a function of wavelength for
absorbed pump power value of 24.2 W.
end facet. The slope efficiency with respect to absorbed 1.15 µm pump power was found to
be 29 % and the threshold pump power of the system was calculated to be 0.11 W, Figure 4.9.
Additionally, no roll off in efficiency was observed toward the maximum obtained output power,
suggesting the possibility for further power scaling of the system.
Broad emission wavelength tunability across 150 nm, from 2825→ 2975 µm, was achieved
for an absorbed pump power value of 24.2 W, Figure 4.10. Attempts to tune beyond this range
resulted in emission toward the centre of the wavelength tunability range 2.883 nm. This was
due to the reduced gain within the system at wavelengths away from the peak of the gain profile
which allowed for the domination of amplified spontaneous emission close to the centre of the
spontaneous emission peak. With the exception of the output power values at the maximum and
minimum measured wavelengths, the output power as a function of wavelength was reasonably
constant across the range, with only a 3 % variation with respect to the average output power
across a 141 nm range.
The linewidth of emission was found to be 0.14 nm, Figure 4.11a, a value which remained
constant across the full wavelength range of emission. This value was not found to vary with
pump power. The output profile of the fibre is presented in Figure 4.11b, showing an intensity
profile indicative of SM operation, or propagation of only the fundamental transverse, LP01, fibre
mode. The system was observed to be sufficient to achieve broadly wavelength tunable, high
powered 2.9 µm emission, coupled with narrow linedwidth, single transverse mode operation.
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Figure 4.11: a) Spectrum of lasing emission displayed on a linear scale for output power and wavelength of 1.67 W
and 2.882 µm, respectively (OSA205, Thorlabs) and b) intensity profile of the optical fibre, character-
istic of propagation of only the fundamental transverse, LP01, fibre mode.
Additionally, the current demonstration was not limited by pump power, it is believed that the
overall power of the system will be increased through further optimisation of the experimental
set up.
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Chapter 5
Fibre Core Loss Measurement
In order to enable further development of the field of mid-infrared photonics toward devices ca-
pable of commercial use, the response of fundamental optical components at the wavelengths of
interest must be well characterised and understood. The existence of a strong water absorption
peak at 3 µm, associated with the highly resonant antisymmetric stretch of the O-H bond, Figure
5.1, makes the accurate characterisation within this wavelength region particularly interesting.
In particular, O-H contamination within the glass lattice of commercially available, mid-infrared
transmitting optical fibres has been suggested to result in significant fibre degradation and ele-
vated loss at resonant wavelengths [4]. The detailed and accurate characterisation of ZBLAN
glass, both rare-earth doped and undoped, remains especially necessary as the glass forms the
backbone of mid-infrared fibre laser technology owing to the apparent low loss exhibited by the
fibre at 3 µm.
While there has not been substantial investigation into the response of optical fibres within
this region, with any wavelength dependency remaining largely unknown, preliminary character-
isation of a range of commercially available optical fibres has indicated the presence of elevated
absorption at 2.9 µm, indicative of the incorporation of atmospheric O-H [3, 4]. The current
work represents the first comprehensive investigation into the wavelength dependant loss within
the active core of mid-infrared transmitting optical fibres. Particular emphasis is placed on the
accurate discrimination of loss mechanisms within the fibre, the understanding of which is vital
for further progression of the field of mid-infrared photonics.
Within this research, the Ho3+Pr3+ fibre laser found use as a tool for the spectrally resolved
characterisation of the optical loss within the core of commercially available double-clad rare-
earth doped ZBLAN fibres. The narrow linewidth coupled with the broad wavelength tunability
of the system (0.14 nm and 150 nm, respectively) allows for accurate discrimination of the
loss mechanisms within the fibre. Furthermore, the high output power of the system enables
accurate loss measurement within extremely high loss fibres (>3 dB m-1) or very long lengths
of fibre. Lastly, the single transverse mode output of the system allows for spatial discrimination
of the loss measurement within the optical fibre, enabling separation of fibre core loss from
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Figure 5.1: Absorption coefficient of water as a function of wavelength, for clarity a wavelength of 3 µm is indicated
in red [46].
surrounding cladding loss within double clad fibres.
The experimental design utilized within this research is presented within Section 5.1. The
obtained fibre loss measurements coupled with analysis of the obtained data in order to deter-
mine the degree of O-H incorporation and background loss of the test fibres is presented within
Section 5.2. Additional characterisation incorporating the investigation of the wavelength of
maximum loss within a range of optical fibres of varying compositions is presented within sec-
tion 5.3. Except where otherwise specified, all optical fibre cleaves discussed within this chapter
were performed using a York model FK12 angled fibre cleaver (Newport).
Elements of the research presented within this chapter have been published in [17].
5.1 Measurement Design
The experimental design used to measure the core loss in the core of the test optical fibres is
displayed in Figure 5.2.
The laser output was coupled into the core of the test fibre using an uncoated CaF2 plano-
convex singlet lens with focal length and diameter of 20 mm and 12.7 mm, respectively (Thor-
labs) which was experimentally determined to have 92 % transmission across the wavelength
range of the system. The protective polymer cladding of the test fibre was removed and the
fibre was thoroughly cleaned with acetone, followed by Isopropyl Alcohol (IPA), before being
cleaved near perpendicularly to the fibre axis. Index matching fluid was placed on the fibre in
order to remove any light that had been inadvertently coupled into the cladding of the fibre.
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Figure 5.2: Simplified schematic diagram of the experimental set up used to characterise the wavelength dependant
optical loss of mid-infrared optical fibres. The wavelength tunable 2.9 µm emission from a Ho3+Pr3+ co-
doped fluoride fibre laser was launched into the core of the optical fibre using a CaF2 lens (plano-convex
F/# = 1.6). Index matching fluid was used to ensure launch into the core only. Measurement location
1 and 2 are included for clarity.
In order to remove any wavelength dependence in the coupling into the fibre, a calibration
was first obtained at a range of wavelength values within the tunability range of the laser using
a number of lengths of undoped, single-mode ZBLAN fibre. The launch efficiency was found
to be 66 % and was not found to exhibit any wavelength dependence. Additionally, to ascer-
tain whether Fresnel reflection from the near perpendicularly cleaved test fibre end facet was
resulting in any feedback at the lasing wavelength into the Ho3+ fibre laser cavity, the temporal
characteristics of the laser output were compared before and after passing through the coupling
lens and test fibre. This was again tested using a number of lengths of undoped, single-mode
ZBLAN fibre, perpendicularly cleaved and no change in the temporal characteristics of the las-
ing emission was observed.
To determine the wavelength dependant loss of the core of the test fibre, the transmission
through the fibre under test was compared to the output power of the fibre laser which was
corrected for launch efficiency and transmission through the coupling lens. This process was
completed for a range of wavelengths within the tunability range of the laser in order to resolve
the wavelength dependant loss spectrum for each of the test fibres.
5.1.1 The Test Fibres
The parameters of the five fibres tested are outlined in Table 1.
All test fibres were commercially available, step-index, double clad, rare-earth doped ZBLAN
which supported single mode operation within the core over the probe laser wavelength range.
Fibres 1 and 2 were Ho3+ Pr3+ co-doped fibres with octagonal and D-shaped cladding, respec-
tively, while fibres 3 and 4 were singly Ho3+ doped with hexagonal and D-shaped cladding,
respectively. Fibres 1, 2 and 4 were obtained from FiberLabs Inc., while fibre 3 was obtained
from IR Photonics. Fibre 5 was also singly Ho3+ doped with a hexagonal cladding, and was
obtained from Thorlabs Inc.
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Fibre 1 is identical to fibres A and B within section 4.2.1 and is the same fibre that is used
within the optimised Ho3+ fibre laser system. Fibre 4 is the same fibre as fibre C in section 4.2.1.
5.2 Fibre Core Loss
The calculated loss in dB m-1 as a function of wavelength of fibres 1-4 are presented in Figure
5.3a-d, respectively, with the raw measured transmission curve for each fibre included (inset).
Within the wavelength range of the laser, elevated loss due to O-H incorporation is evident at
approximately 2.89 µm, relative to the background scattering loss level. Fibre 5 was also tested,
however the fibre exhibited highly elevated loss levels and no spectral features were able to be
resolved, Figure 5.4.
5.2.1 Analysis
The corrected core loss as a function of wavelength was obtained from the measured raw trans-
mission values across each test fibre, at each wavelength data point, according to;
αCore = −(10/L)log10(PT /PL) (5.1)
where αCore corresponds to the core loss in dB m-1, L is the test fibre length in m and PT and
PL are the transmitted and launched power at the test wavelength, respectively. The uncertainty
in wavelength for all measurements was calculated to be 0.6 nm, while the uncertainty in core
loss of the fibre varied for each data point (indicated within Figure 5.3).
A Gaussian fit was then applied to the data sets associated with fibres 1-4 in order to ac-
curately discriminate between the scattering and O-H absorption loss within each fibre, and to
accurately determine the properties of the later mechanism. From the Gaussian fit parameters,
the degree of O-H incorporation is able to be determined from the peak magnitude of absorption
relative to the background scattering loss level of the test fibre. From the method outlined in
[47], the O-H ion concentration can be obtained using;
N(OH) = −(NA/(L))ln(1/T ) (5.2)
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Figure 5.3: Fibre core loss in dB m-1 as a function of wavelengths for fibres 1-4 (displayed in (a-d), respectively).
Gaussian fit curves are included for all data sets. The uncertainty in loss is indicated for all data points;
the uncertainty in wavelength for all measurements was 0.6 nm. The raw transmission measurement
across each fibre is displayed within the inset.
where NA is Avogadros number, L and T are the length and transmission of the test fibre,
respectively, and  is the absorptivity of O-H. Within this work,  is assumed to be equal to the
reported value within silicate glass, 4.91 × 104 cm2 mol-1 [48], as there is no relevant report
about ZBLAN glass.
In the current study, it is uncertain whether the tunable probe laser has been tuned away from
resonance with the O-H absorption feature. As such, the Gaussian baseline value (associated
with the minimum obtained core loss value) is assumed to be the scattering background loss level
of the fibre. If the laser probe is still resonant with the O-H absorption feature this will result
in an overestimation of scattering loss, and similarly, an underestimation of the loss attributed
to the O-H absorption feature. As such, the scattering and O-H absorption loss values presented
within this work represent maximum and minimum values, respectively.
Owing to the lack of spectral features able to be resolved within the measured loss spectrum
of fibre 5, Figure 5.4, a linear fit was instead applied to the data and the system was only found
to be suitable for the estimation of the background scattering loss level within the fibre core.
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Figure 5.4: Fibre core loss in dB m-1 as a function of wavelengths for fibre 5. A linear fit curve is included (red). The
uncertainty in loss is indicated for all data points, the uncertainty in wavelength for all measurements
was 0.6 nm (not displayed). The raw transmission measurement across the fibre is displayed within the
inset.
5.2.2 Results and Calculated Loss Parameters
The calculated fibre core loss parameters for fibres 1-5 are outlined within Table 5.2. Though
no spectral features were able to be resolved within fibre 5, the current method was observed
to be capable of providing an estimation of the background scattering loss of the fibre, which
was determined to be 3.3 (± 0.4) dB m-1. The maximum background scatting loss was also
able to be determined from the Gaussian peak fit of the loss profiles for the four low loss fibres.
These values were found to range from 0.11 to 0.73 dB m-1 for the four fibre with the maximum
obtained experimental error values being 0.02 dB m-1.
Elevated loss, associated with the incorporation of atmospheric O-H within the glass lattice
of the test fibres, was observed for the four low loss fibres (fibres 1-4), with the calculated
minimum loss increase due to O-H absorption found to range from 0.08 to 0.4 dB m-1 for the
fibres, with the maximum obtained experimental error being 0.04 dB m-1. Additionally, from
equation 5.3, minimum O-H ion concentration values were able to be obtained, with the degree
of O-H incorporation found to range from 0.015 to 0.074 ppm (or 2.26 to 11.3 ×1015 ions cm-3)
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with the maximum calculated experimental error value being 0.007 ppm (1.13×1015 ions cm-3).
Furthermore, from the calculated peak wavelength of the Gaussian fit to each of the low-loss
fibre data sets, the wavelength of maximum loss (λ OH ) was able to be calculated for fibres 1-4.
The measured peak wavelength of the O-H absorption feature was determined to range from
2.885 to 2.891 µm (with a maximum calculated experimental uncertainty of 0.005 µm), which
is significantly longer than previously reported measurements of λ OH = 2.87 µm for undoped
ZBLAN fibres [3].
Additionally, the measured loss curve of the two Ho3+ Pr3+ co-doped fibres (1 and 2) were
observed to differ significantly from those of the two singly Ho3+ doped fibres (3 and 4), Figure
5.5. A significant increase in loss due to O-H incorporation was observed within the two co-
doped fibres (0.40 and 0.41 dB m-1 within fibres 1 and 2, respectively) comparative to the two
single doped fibres (0.18 and 0.08 dB m-1 within fibres 3 and 4, respectively). Furthermore, the
measured maximum scattering loss for the two singly doped fibres (3 and 4, at 0.57 and 0.73 dB
m-1, respectively) was more than double the loss of the co-doped fibres (1 and 2, at 0.11 and 0.19
dB m-1, respectively). No discrepancy was observed within calculated λ OH values between any
of the low-loss test fibres.
5.3 Peak Wavelength Characterisation
In an effort to further characterise the effect of O-H incorporation on the wavelength dependant
absorption spectrum of commercially available mid-infrared transmitting optical fibres, three ad-
ditional lengths of fibre were characterised. Particular emphasis was placed on the determination
of the wavelength of maximum loss within fibres of differing composition.
5.3.1 Measurement Design and Analysis
The laser probe used within this work was not the RFL-YRL pumped, high-powered wavelength
tunable Ho3+ Pr3+ co-doped fibre laser developed within previous work. Instead a diode pumped
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Figure 5.5: Fibre core loss in dB m-1 as a function of wavelengths for fibre 1 (green diamonds), fibre 2 (red squares),
fibre 3 (orange side-facing triangles) and fibre 4 (blue upright triangles). Gaussian fit curves are included
for all data sets.
system of near- identical architecture was used, that had been developed external to this work.
The pump source for the system was two strained indium gallium arsenide quantum well diodes
(Eagleyard Photonics.) which each emitted up to 4 W at 1.15 µm. The two diodes were multi-
plexed using a polarising beam cube, before being passed through a dichroic mirror which was
identical to those used elsewhere in this work. The dual functioning lens used for coupling pump
light into the system and collimating emitted light was an antireflection coated ZnSe lens of 6
mm focal length (Innovation Photonics). Additionally, the lens to grating distance of this sys-
tem was 0.8 m and the distal fibre end facet was perpendicularly cleaved at approximately 10◦
relative to the fibre axis, performed using a York model FK12 angled fibre cleaver (Newport).
All other elements of the system were identical to the optimised laser system, outlined within
section 4.3.
The laser emitted up to 1.4 W, was broadly wavelength tunable between 2.832 and 2.962 µm,
had a slope efficiency of 29.7 % and an emission linewidth of 0.1 nm. Further details relating
to this system can be obtained at [15]. The lens used to couple into the test fibre was a second
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antireflection coated ZnSe lens of 6 mm focal length (Innovation Photonics) which was found to
have a wavelength independent transmission into the fibre of 82 % over the wavelength range of
the laser.
The test fibres were undoped ZBLAN, octagonally clad Ho3+ Pr3+ co-doped octagonally
clad ZBLAN (with dopant concentration of 3 mol.% and 0.25 mol.%, respectively), and the
chalcogenide glass As2S3. All fibres were single-mode at the test wavelength. All ZBLAN
fibres were purchased from FiberLabs Inc., while the chalcogenide fibres were purchased from
CorActive.
The measurement and analysis methods outlined within section 5.1-5.2 were applied, and
the core loss in dB m-1 was determined as a function of wavelength for each fibre from the raw
transmission through the optical fibre. Gaussian fits were applied to the five data sets with the
minimum obtained loss measurement again assumed to be the scattering background loss level
of the fibre. From the Gaussian fit of the elevated loss peak within the wavelength dependant
loss spectrum of each fibre, a wavelength of maximum loss (λ OH ) was able to be determined
for each of the five fibres.
Figure 5.6: Elevated fibre core loss (normalised relative to background scattering) due to O-H incorporation for
Ho3+, Pr3+ co-doped ZBLAN (black squares), undoped ZBLAN (red circles) and As2S3 (blue triangles),
all single mode. Gaussian fit curves are included for all data sets. The uncertainty in loss is indicated for
all data points; the uncertainty in wavelength for all measurements was 1.1 nm.
51
5.3.2 Results
The increase in loss relative to the determined scattering background level of the three tested
single mode fibres is displayed in Figure 5.6, where a glass composition dependant shift in
wavelength of maximum loss can be observed within the three test optical fibres. The wavelength
of maximum loss was determined to be 2.872 (± 0.004) µm for the undoped ZBLAN fibre,
consistent with previously reported measurements of λ OH = 2.87 µm for undoped ZBLAN
fibres [3]. However, a 24 nm shift in λ OH was observed upon the incorporation of rare-earth
ion dopants into the ZBLAN lattice, with λ OH being determined to be 2.896 (± 0.006) µm
for Ho3+, Pr3+ co-doped ZBLAN. Furthermore, the obtained results were consistent with the
measured values for λ OH obtained for the rare-earth ion doped single-mode ZBLAN test fibres.
Additionally, the wavelength of maximum loss was observed to be significantly longer
within the As2S3 chalcogenide glass test fibre, with λ OH calculated to be 2.911 (± 0.008)
µm, corresponding to a 39 nm shift from the measured value within undoped ZBLAN fibre.
The current work represents the first measurement of such a glass composition dependant wave-
length shift in the absorption feature of O-H ion atmospheric contaminants incorporated within
commercially available mid-infrared transmitting glasses.
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Chapter 6
Discussions and Outlook
Within the opening chapter of this work, many intriguing and unexpected possibilities for the
implementation of mid-infrared photonics were suggested. These included the development
of devices capable of covert communications, illicit and dangerous materials sensing and even
devices capable of revolutionising the medical sciences through on-chip, hand-held diagnoses
and superior fine-tissue ablation. While none of these were developed within this work, the
current research remains to be an important step towards the realisation of any, or all, of these
systems through furthering current understanding of some of the most essential components of
the field. With the development of robust mid-infrared sources, coupled with development in the
understanding of optical components accessing this region, this work represents a fundamental,
yet vital, step in the advancement of the field of mid-infrared photonics.
Through the development of an alternate 1.15 µm YFL-RFL excitation source, a significant
increase in the output power of any systems based upon the Ho3+ cation was observed. Further-
more, the 50 W maximum output power of the YFL-RFL system was only limited by available
diode power. Further power scaling is believed to be possible through optimisation of the system
coupled with increased 976 nm pump power. Additionally, owing to the single transverse mode
output of the developed 1.15 µm excitation source, a high degree of versatility within the pump
architecture of Ho3+ system is possible, which is particularly advantageous toward the power
scaling of fluoride glass based systems.
Additional power scaling of the system is believed to be achievable through increasing the
976 nm to 1.15 µm conversion efficiency of the system, which was found to be 20.3 % for the
current system, only 24 % of the stokes efficiency limit (84.6 %). Points of significant loss
within the system included transmission through the dichroic mirror and the free space coupling
architecture into the SM RFL launch fibre. As such, the development of an all-fibre YFL system
incorporating two FBGs for reflection at the optimal pump wavelength of the RFL (1.097 µm)
coupled with fibrized coupling between the YFL-RFL system in order to circumvent the two
high-loss points will likely result in increased conversion efficiency and further power scaling of
the system.
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In terms of the Ho3+ system, a significant increase in maximum output power was achieved
relative to previously developed systems based upon this cation with up to 7.2 W of emission
being generated at a slope efficiency of 29 %. Additionally, in contrast to previously reported
systems based upon the Ho3+ cation, the current demonstration was not pump limited. Instead,
the maximum power of the system was observed to be limited by the damage threshold of the
fluoride based host glass at the fibre end facets. While the current maximum power remains
significantly below that of the comparatively more mature Er3+ based fibre lasers, in the cur-
rent architecture negligible efficiency roll off was detected. As such, it is believed that through
optimisation of the overall pump launch and resonator arrangement coupled with superior envi-
ronmental and thermal control of the system, further power scaling can be achieved to rival or
surpass the maximum power levels reported in alternate fluoride glass based fibre lasers (30.5
W [10]). Though cascaded Ho3+ systems characteristically exhibit high threshold pump powers,
the reduced thermal management requirements of such systems (due to the dissipation of energy
via photon emission as opposed to phonon emission) indicate particular advantages toward high
powered operation of Ho3+ based systems. Following the maturation of the developed 1.15 µm
excitation source, the utilization of a low loss singly Ho3+ doped fibre gain medium is likely to
further aid in power scaling of such systems.
Additionally, in comparison to previous demonstrations of wavelength tunable emission
within the molecular fingerprint region of the spectrum, the current demonstration represents
the broadest continuous tuning range from a 3 µm fibre laser (150 nm, 2.825-2.975 µm), achiev-
ing a high degree of spectral overlap with the absorption peak of O-H (2.87 µm [3]). Further
broadening of the emission wavelength tunability range is expected to be possible upon power-
scaling of the system coupled with the addition of an angle-cleaved distal fibre end facet to
suppress feedback from the facet [15]. The current demonstration represents the longest maxi-
mum wavelength achieved from a Ho3+, Pr3+ co-doped fluoride fibre laser. This is coupled with
the low linewidth of emission (<0.14 nm) and extremely flat tuning curve (3 % variation with
respect to average output power across 141 nm) of the system indicate its viability for use a
robust tool for applications such as high-resolution mid-infrared sensing.
Within the latter components of this research, the system was found to be capable of deliv-
ering an accurate estimation of the wavelength dependant loss profile within the core of long
lengths of commercially available double-clad optical fibres. This avoids the necessity of cut-
ting down long fibres into shorter lengths to obtain accurate measurements as necessitated by
similar methods making use of weaker (low photon density per unit wavelength) sources such as
a supercontinuum. As such, the system represents a valuable tool for use in fibre manufacturing,
capable of performing wavelength dependent core-loss estimation in situ with fibre production.
Within high-loss fibres, the system was found to be capable of providing an estimation of
the background scattering loss within the core of the fibre. Additionally, within low loss fibres,
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the system was able to detect the spectral absorption feature associated with O-H incorporation
in the core of low loss optical fibre. Furthermore, the system was observed to be capable of re-
solving O-H ion concentrations as low as 0.015 ppm (test fibre 4) within commercially available
ZBLAN fibres. Of particular interest is the elevated O-H ion concentration of 0.074 ppm that
was detected within fibre 1, the fibre that was used within the tunable 3 µm laser system, which
may have been responsible for the near flat output power as a function of wavelength across the
tuning range of the laser system. In this way, the characteristic peak in emission power observed
within the centre of the tuning range associated with a typical tunable fibre laser may have been
offset by the elevated absorption associated with the O-H within the fibre. For example, the
increased loss due to O-H incorporation at 2.882 µm, may have resulted in a reduction in the
measured slope efficiency which, at 29 %, is only 72 % of the Stokes efficiency limit of this
system (40 %).
Additionally, within low-loss fibres, the system was observed to be capable of resolving the
central wavelength of the absorption feature associated with O-H incorporation within the core
of optical fibres. Of particular interest, is the glass composition dependant shift in the central
wavelength of the absorption peak observed within the three test fibres; chalcogenide As2S3
fibre (2.911 µm), rare-earth doped ZBLAN fibre (2.896 µm) and undoped ZBLAN fibre (2.872
µm), the last of which was consistent with the previously reported value of λ OH = 2.87 µm
within undoped ZBLAN [3].
This 24 nm shift in central wavelength of maximum attenuation due to the incorporation of
rare-earth dopants into the ZBLAN lattice has not previously been observed and is indicative of
a change in the local environment of the incorporated O-H radical within doped and un-doped
ZBLAN lattices. It may be the case that this is due to a shift in the ZBLAN lattice configuration
upon the incorporation of rare-earth cation dopants which alters either the distances or configu-
rations of the nearest neighboring atoms to the O-H radical. Alternatively, the site at which the
O-H radical is incorporated into the ZBLAN lattice may be altered. In order to determine the
mechanism of the observed shift, further investigation is necessary.
Within the current research, the development of a high-powered, broadly wavelength tun-
able 3 µm-class fibre laser system has been shown to be useful for the characterization of rare
earth doped optical fibres used for the creation of mid-infrared laser sources. The high output
power was observed to be capable of providing a background loss estimations for fibres with
loss as high as 3.3 dB/m without the necessity of cutting the fibre. Additionally, the narrow
linewidth and broad emission wavelength tunability of the system enables the measurement of
spectrally resolved loss, enabling the discrimination of background scattering loss from ele-
vated absorption associated with O-H contamination within the fibre. Furthermore, the single
transverse mode output of the system enables spatial selection within the loss measurement, al-
lowing for separation of the fibre core loss from the surrounding cladding loss within double
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clad fibres. The current approach only requires access to a normalized power measurement,
making this method particularly advantageous over alternative methods utilizing sources like
supercontinuum and other broadband thermal sources (such as lamps) as it does not require in
situ wavelength measurement.
Within the current research, measured loss levels were significantly greater than those re-
ported by the fluoride fibre manufacturers (typically <0.1 dB m-1 across the 1-2 µm wave-
length range). As such, this work highlights the importance of accurately characterising the
mid-infrared response of fundamental optical components, particularly within the core of opti-
cal fibres.
56
Chapter 7
Conclusions
Within the current work, a broadly wavelength tunable Ho3+, Pr3+ co-doped fluoride fibre laser
emitting at 2.9 mum is demonstrated to produce up to 7.2 W of output power, generated at a
slope efficiency of 29 %. A power scalable Yb3+-fibre-laser-pumped 1.150 µm-Raman-fibre-
laser was developed as the excitation source for the system, achieving up to 50 W of pump
power. Narrow bandwidth (<0.14 nm), single transverse mode emission was observed, with
broad wavelength tunability across 150 nm (between 2.825 µm and 2.975 µm) which offered
significant overlap with the O-H absorption region. The use of the laser as a reliable probe for
the spectrally resolved loss measurements within the core of commercially available, double
clad, mid-infrared transmitting optical fibre was also demonstrated.
The laser was found to be able to discriminate between background scattering loss, and
elevated loss due to the incorporation of atmospheric O-H within the core of optical fibres. The
degree of O-H incorporation was also able to be measured, and the spectral location of the
resultant absorption feature was calculated. A glass composition dependant wavelength shift of
the O-H absorption feature was also observed. Of particular interest is the 24 nm shift in the
absorption feature location from 2.872 µm in undoped ZBLAN to 2.896 µm upon co-doping
with Ho3+, Pr3+, which has not previously been observed. Additionally, the chalcogenide glass,
As2S3, was observed to exhibit an O-H absorption feature located at 2.911 µm.
The current demonstration represents the highest output power of a Ho3+ fibre laser coupled
with the broadest continuous wavelength tunability of a 3 µm class fibre laser. Further modifi-
cation of the construction of the 1.15 µm excitation system to a fibrized system is expected to
greatly improve the overall system efficiency. When coupled with optimisation of the Ho3+ laser
source it is believed that the current system is capable of significant power scaling coupled with
broader tunability in emission wavelength.
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